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ABSTRACT

Titanium is being studied for the high-level radioactive waste package material. Titanium
has good corrosion resistance, however there is the possibility of hydrogen embrittlement with
absorption of hydrogen in reducing condition. Experimental studies were performed to
evaluate the hydrogen absorption behaviors of titanium in reducing condition.

The failure model of the titanium overpack was also examined from the viewpoint of fracture

mechanism in order to evaluate the fracture behavior of the titanium overpack caused by the

hydrogen absorption.

(1) Scratch test was conducted in reduce condition. The surface films on the titanium
specimen were analyzed to examine the changes of the existing films and the growth
phenomena of the regenerated films on the titanium specimen.

(2) The long-term reaction test of the titanium specimen using the glass-seal ampoules
maintaining reducing condition was conducted and analyses of the hydrogen gas
generation and absorption quantitative as well as the generated film evaluation were
performed.

(3) Under reducing condition, the electrochemical acceleration tests of the titanium specimen
were conducted. The effect of acceleration rate on the hydrogen absorption and surface film
was evaluated, and the prediction as to the hydrogen absorption behavior at a natural
state was also made.

(4) The prediction of the maximum residual stress and the evaluation of crack growth of the
titanium overpack based on the previous studies were performed. Feasibility of the
modeling of fracture phenomenon with existing analysis technique was examined and the
items to be developed were also discussed.

This work was performed by Kobe Steel, Ltd. under contract with Japan Nuclear Cycle
Development Institute.
JNC Liaison: Barrier Performance Group, Waste Isolation Research Division,
Waste Management and Fuel Cycle Research Center, Tokai Works
* : Kobe Steel, Ltd.
**. KOBELCO Research Institute, Inc.
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Run H m/y
No.
(cm?) Y 2) ¥
T1-1 124 120 | 5.2E-02 | 3.5E-04 2.4E-02
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N2 N2 99.999%

1.02x 10*C/cm? 1.02x 103C/cm? 2

3
2.1.31
X n4
1 - - XRD -
2 XPS
3
4 SIMS
2.1.31
S-4500
15kV
2.1.3-1
MVK-G3
Scanning Probe Microscope SPM
FE-SEM
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SPM

50 x 2160hr(102x 103C/cm2)

Digital Instruments Nanoscope a

(Atomic Force Microscope)

20x 20y m

FE-SEM
2.1.3-1
S-4500

15kV

X XPS
SIMS

0.1mm

2.1.3-1

RINT 1500

Cu

X 50kVx 200mA

0.020°
4.000° /min.
0.20mm
8.00mm

5.00mm

XPS

PHI5400MC X
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MgKa
400W 15 Vx 26.7mA
1.1mme

45°

Ar+ SiO2 1.50nm/min. 3kVx 25mA

SIMS
CAMECA IMS5F
O,*
8keV
500nA

100x 100y m

®38um

6.7x 108Pa( )
Ti 43 /sec.

1H,46Ti

2.1.3-1

LECO RH-404

2.1.3-1
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EPIPHOT 300

pH

pH
pH
2.1.3-1
(3
211 2.1.3 /
4
2.1.3-3 2.1.3-2
pH
21.6hr
-1200 -2500mV vs. SHE -1200 -1800mV vs. SHE
21.6hr
216hr -1000mV vs. SHE 2160hr -1200
-600mV vs. SHE
50 80
50 80
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pH 8.0 pH 7
N2
pH

pH pH
2.1.3-4 2.1.3-5

2.1.3-6 SEM 2.1.3-7

FE-SEM 2.1.3-8 SPM
SEM 80 x 21.6hr 1.02
x 101C/cm? 216hr 2160hr

50 x 2160hr 1.02x 103C/cm?
SPM

1y m

SPM
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2.1.3-9
2.1.3-16
SIMS
50 80
80

XPS

15

216

Mg

SIMS

2.1.3-3

21.6hr
2900ppm 80

X 2.1.3-10
XPS 2.1.3-17

Mg

21.6 Ti
10 15nm

Si
2.1.3-18
2.1.3-19

50 x 1.02x 103C/cm?

50 1

1.02x 101C/cm? 380ppm 1.02x 103C/cm? 830ppm

216hr 80 x 1.02x 103C/cm?2 3000ppm 2160hr

50 x 1.02x 103C/cm?

5600ppm 80
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50 1.02x 10:C/cm? 240ppm 1.02x

103C/cm? 2300ppm

50 50
80
50
80
80 2160hr
21.6hr n2
Hv300 320 Hv240 280
350
5
2.1.3-4
2.1.3-20 2.1.3-21
1000
1.02x 10t 1.02x 103C/cm2 1000
3.2x 10" 5 3.2x 10 >mA/cm? 0.028 0.28
M mly 10 100%
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3)

4),

5), 6)
80
XPS TiO2
Si Mg Si
Mg
6
50 80 80
Si Mg
Si

TiO:
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# 600

N2

2.1.3-1

pH

XRD)
SIS
XPS
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g
!

e

/|

2.1.3-2
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mVvs.SHE

mVvs.SHE

---80 1.02E1C/cm2
——80 1.02E3C/cm2
-500 ——50 1.02E3C/cm?2
-1000
-1500 \/_/
-2000 f—F
-2500
3000
0 5 10 15 20 25
hr
2.1.3-3-1 21.6hr
0
—80  1.02E3C/cm2]
-500
~1000
~1500
-2000
~2500
~3000
0 50 100 150 200 250
hr
2.1.3-3-2 216hr
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0
—500 \W—\\AJ-—’\_M_,__—/‘/_/‘_—__\_N\/\—“—‘
£ -1000
n
2
S -1500
S ---380 1.02E1C/cm2
—50 1.02E3C/cm2
-2500
-3000
0 500 1000 1500 2000 2500
hr
2.1.3-3-3 2160hr
2.1.3-1
mA/cm?2
C/cm?
(21.6h) (216h) (2160h)
1.02x 101
50
1.02x 103 1.3x 101 1.3x 101
1.02x 10* 1.3x 101 1.3x 103
80
1.02x 103 1.3x 101 1.3x 109 1.3x 101
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2.1.3-2 pH
mA/cm?2
C/cm?
(21.6h) (216h) (2160h)
1.02x 10!
50
1.02x 103 7.0 7.0
8.0
1.02x 101 7.4 7.0
80
1.02x 103 7.1 6.8 7.0

2.1.3-4
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21.6hr,
80 ,
1.02x 101C/cm?

21.6hr,
80
1.02x 103C/cm?

2.1.3-5-1 21.6hr -1
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21.6hr,
50 ,
1.02x 103C/cm?

2.1.3-5-2 21.6hr -2

216hr,
80 ,
1.02x 103C/cm?

2.1.3-5-3 216hr
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2160hr,
80 ,
1.02x 101C/cm?2

2160hr,
80
1.02x 103C/cm?

2.1.3-5-4 2160hr -1
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2160hr,
50 ,
1.02x 103C/cm?

2.1.3-5-5 2160hr -2
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21.6hr,
80 ,
1.02x 101C/cm?2

21.6hr,
80 ,
1.02x 103C/cm?

2.1.3-6-1 21.6hr SEM
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21.6hr,
50 ,
1.02x 103C/cm?

2.1.3-6-2 21.6hr SEM

216hr,
80 ,
1.02x 103C/cm?2

2.1.3-6-3 216hr SEM
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2160hr,
80 ,
1.02x 101C/cm?2

2160hr,
80 ,
1.02x 103C/cm?

2.1.3-6-4 2160hr SEM

-125 -



JNC TJ8400 2003-092

2160hr,
50 ,
1.02x 103C/cm?

2.1.3-6-5 2160hr SEM
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21.6hr,
80 ,
1.02x 101C/cm?2

21.6hr,
80 ,
1.02x 103C/cm?

2.1.3-7-1 21.6hr FE-SEM
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21.6hr,
50 ,
1.02x 103C/cm?

2.1.3-7-2 21.6hr FE-SEM

216hr,
80 ,
1.02x 103C/cm?

2.1.3-7-3 216hr FE-SEM
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2160hr,
80 ,
1.02x 101C/cm?2

2160hr,
80 ,
1.02x 103C/cm?

2.1.3-7-4 2160hr FE-SEM
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2160hr,
50 ,
1.02x 103C/cm?

2.1.3-7-5 2160hr FE-SEM
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1500.0 nw

2.1.3-8-1 SPM 50 x 2160hr 1.02x 103C/cm?
-1
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2.1.3-8-2 SPM 50 x 2160hr 1.02x 103C/cm?
-2
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1500.0 nm

2.1.3-8-3 SPM 50 x 2160hr 1.02x 103C/cm?
-3
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o Ti TiH,
Ti0O,  CaCO,
15.0° O Mg(OH),
| o 0
Cl o SO X 216hr (1OZX107Cem?)
BT % ELGhe {1,025 109 em®)
e ._,-""'x et e P E—
10.0 ‘I:T BOTT % 21.6he (1.02% 100Ckme)
/(/? _____ . O R ___A,_,""'a_ A R, O ¥ o1, SR -
% ” ' i | BOTC % 21Bhe (1,023 1050hem?)
7 | | | I I W]
T ——  Aa R
5.0 ,'I| (l L i A GO X 21E0hr (1025 10PCem)
| |
O Ik_.__u_f L M__MrLJ I\ J!_' ,,_M_.,__,,_J"I'u_ﬁ_,,w.-e' LA e
||| |||| BOTD W 2160Re (108 100 Yem?)
-\_‘_‘—‘_""_‘_‘—"_—HM"I"lu II'-\_ e — e —— _‘I
| ||I \ BIYC X ZUBORr (1,023 109Ciems)
x 10° e Mt oo e . : Jl'W.‘- A — ——
10 20 30 40 50 60 70 80 90
20 (deg)
2.1.3-9 X
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%10" masu0001.SPE
9 T T T T T T T T T T

0
1100 1000 900 800 700 600 500 400 300 200 100

Binding Energy (eV)

2.1.3-10-1 50 x 21.6hr 1.02x 103C/cm?2
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masu0003.PRO
100 T T T T T T

90

80

Atomic Concentration (%)

Ti2p

2\ P
0 \VI %lZpﬂ\ —T SED/\ L i 1 !
0 5 10 15 20 25 3 35 40 45

Sputter Depth (nm)

2.1.3-10-2 50 x 21.6hr

- 136 -

1.02x 103C/cm?

50



JNC TJ8400 2003-092

X 104 masu0003x.pro l

A 1/2 _

cls

1/2

or =
1 1 1 1 1 1 1 1 1

470 468 466 464 462 460 458 456 454 452 450
Binding Energy (eV)

2.1.3-10-3 50 x 21.6hr 1.02x 103C/cm?
Ti2p
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masu0004.SPE
T T

4
x 10
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-N1s
Ti3s
-Ti3p

Ar2s
-Cls
-Ar2p

300 200 100 0

0 Il Il Il
1100 1000 900 800 700 600 500 400
Binding Energy (eV)
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1100 1000 900 800
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masu0006.PRO
100 T T T T

90

80

Atomic Concentration (%)

P2p G Cazp
. S e I —
0 10 20 30 40 50

Sputter Depth (nm)

2.1.3-11-2 80 x 21.6hr 1.02x 103C/cm?
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Metal
%10 masu0006.PRO |
5 [ T T T * T B
3/2
45| 1/2 j

cls

470 468 466 464

2.1.3-11-3 80

462 460 458 456 454 452
Binding Energy (eV)

x 21.6hr
Ti2p

1.02x 103C/cm?
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Binding Energy (eV)
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- 148 -

120



JNC TJ8400 2003-092

masu0015x.pro

15000 -

10000

cls

5000

470 468 466 464 462 460 458
Binding Energy (eV)

x 216hr
Ti2p

2.1.3-13-3 80

- 149 -

456 454 452

1.02x 103C/cm?




JNC TJ8400 2003-092

masu0016.SPE

x 10

T T T T T T
debw-  dgl-
AR
| T m_\,_.mmms_. |
dziv-
| STD-3 4
Tdzed- €dzed-
szed-
Tdzi1- €deiL- e
STO-
szl
MO 55
NN 1L
TN 1L
AN BD-
1 1 1 1 1 1
o [{e} n < ™ N — o
—
S/

800 700 600 500 400 300 200 100

900

1100 1000

Binding Energy (eV)

x 216hr 1.02x 103C/cm?

2.1.3-13-4 80

- 150 -



JNC TJ8400 2003-092

masu0017.SPE

x 10

STO-

Tdzeo-

1dz11- €deil-

1340
T O-

NINT IL-

TNINT 1L~

edzeo-

STN-

0

800 700 600 500 400 300 200 100

900

1100 1000

Binding Energy (eV)

x 2160hr 1.02x 103C/cm?

2.1.3-14-1 50

- 151 -



JNC TJ8400 2003-092

100 T

masu0018.PRO

90

80

70

60 O1ls

50

40

Atomic Concentration (%)

e s ——

0 20

2.1.3-14-2

40 60 80 100
Sputter Depth (nm)

50 x 2160hr 1.02x 103C/cm?

- 152 -

120



JNC TJ8400 2003-092

X 104 masu0018x.pro L
T

12 — 32

O, T3

1 1 1 1 1 1 1 1 1
470 468 466 464 462 460 458 456 454 452 450
Binding Energy (eV)

2.1.3-14-3 50 x 2160hr 1.02x 103C/cm?2
Ti2p

- 153 -




JNC TJ8400 2003-092

x 10 masu0019.SPE
9 T T T T T T T T T T
8
7 =
=
=
-
e
6
5F o
&
3 e
4l a 8
O [
' Ly
3_
&
22
2 o ]
=8
o K
1_ 0 o %SI)U,
b =
z < E
0 Il Il Il Il Il Il Il Il Il Il
1100 1000 900 800 700 600 500 400 300 200 100
Binding Energy (eV)
2.1.3-14-4 50 x 2160hr 1.02x 103C/cm?2

- 154 -




JNC TJ8400 2003-092

masu0011.SPE
6 T T T T T T T T T T

Mg KLL

-Cls
-Si2s
-Si2p

-Mg2s
-Mg2p
-0O2s

0
1100 1000 900 800 700 600 500 400 300 200 100 0
Binding Energy (eV)

2.1.3-15-1 80 x 2160hr 1.02x 10'C/cm?

- 155 -



JNC TJ8400 2003-092

Atomic Concentration (%)

masu0012.PRO

100 T T T T T
90 b
80 -
oo :
60 [ b
50 -
40 -
30 b
Si2p
20 —/’“\/\ .
Cls
10 -
0 Ti2p . L | L
0 20 40 60 80 100

Sputter Depth (nm)

2.1.3-15-2 80 x 2160hr 1.02x 10'C/cm?

- 156 -

120



JNC TJ8400 2003-092

cl

masu0012.PRO

7000 -

5000 -

4000 WWWW

S 3000+

2000 -

1000 -

470 468

466

464

2.1.3-15-3 80

462 460 458
Binding Energy (eV)

x 2160hr 1.02x 10C/cm?

Ti2p

- 157 -




JNC TJ8400 2003-092

4
x 10

masu0013.SPE

o
[Nz
22
d &
ga8 728
Q< 4
Q
0 1 1 1 1 1 1 1 1 1 1
1100 1000 900 800 700 600 500 400 300 200 100
Binding Energy (eV)
2.1.3-15-4 80 x 2160hr 1.02x 10:C/cm?

- 158 -




JNC TJ8400 2003-092

%10" masu0020.SPE
7 T T T T T T T T T T

0
1100 1000 900 800 700 600 500 400 300 200 100 0
Binding Energy (eV)

2.1.3-16-1 80 x 2160hr 1.02x 103C/cm?

- 159 -



JNC TJ8400 2003-092

masu0021.PRO
100 T T T T T

90 -

80 .

Ols

Atomic Concentration (%)
[6)]
o
T
1

401 -
30 B
20 1
Si2p
10 1
Cls
Ti2p
0 e i | e
0 20 40 60 80 100 120

Sputter Depth (nm)

2.1.3-16-2 80 x 2160hr 1.02x 103C/cm?

- 160 -



JNC TJ8400 2003-092

Metal

masu0021.PRO

9000
8000
7000
6000
5000
c/s
4000

3000 |-

2000

1000 =

468 466 464 462 460 458 456 454 452
Binding Energy (eV)

x 2160hr 1.02x 103C/cm?

Ti2p

2.1.3-16-3 80

- 161 -




JNC TJ8400 2003-092

4
x 10

masu0022.SPE

-O KLL

-Ti LMM1

-Ti LMM
-O KLL

-Ols

3_ -
2F :%' 4
= o
g v S8
Q 4 =k
1k E a L& 2 4
. & ¥ o T @
< < ' o
; N
Q
0 Il Il Il Il Il Il Il Il Il Il
1100 1000 900 800 700 600 500 400 300 200 100
Binding Energy (eV)
2.1.3-16-4 80 x 2160hr 1.02x 103C/cm?2

- 162 -



wt.ppm

JNC TJ8400 2003-092

1E+7

1E+6

1E+5
50 x 2160hr(1.02x 10°C/cm?)

1E+4

80 x 21.6hr(1.02x 10°C/cm’)

1E+3 80 x 216hr(L02x 10°C/cmd)
80 x 2160hr(1.02x 10°C/cm?)
80 x 2160hr(1.02x 10'C/cm?)
1E+2 | 80 x 216hr(102x 10"C/cn)
50 x 21.6hr(1.02x 10°C/cm’)
1E+1 |
1E+0
0 5 10 15 20 25
hm
2.1.3-17 SIMS H
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2.1.3-3
ppm
C/cmz?
(21.6h) (216h) (2160h)

1.02x 10*
50

1.02x 103 2900 5600

1.02x 10* 380 240
80

1.02x 103 830 3000 2300
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50

x 21.6hr(1.02x 103C/cm?)

80

x 21.6hr(1.02x 101C/cm?)

80

x 21.6hr(1.02x 103C/cm?)

80

x 216hr(1.02x 103C/cm?)

80ml, 15ml,

2.1.3-18-1

1ml
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50 x 2160hr(1.02x 103C/cm?) 80 x 2160hr(1.02x 10C/cm?)

80 x 2160hr(1.02x 10°C/cm?)

80ml, 15ml, 1ml

2.1.3-18-2 -2
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360
340
320
300
280
260
240
220
200
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260
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—4— 80

x 21.6hr(1.02e3)
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5 10 15 20 25 30 35
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2.1.3-19-1 -1
/.\ —-80 x 216hr(1.02e3)
- —e-50 x 2160hr(1.02e3) -
-3-80 x 2160hr(1.02el)
- \ —~-80 x 2160hr(1.02e3)
s e
! >~ >0
o
5 10 15 20 25 30 35
(1 m)
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2.1.3-4
hr (Clcm?) () (9) (ppm) ()
21.6 1.02x 103 | 4.8x 101 | 5.9x 103 2896 1.2
50
2160 1.02x 103 | 4.8x 10 | 1.1x 102 5596 2.4
21.6 1.02x 10! | 4.8x 103 | 7.7x 10+ 376 16
2160 1.02x 10! | 4.8x 103 | 4.8x 10+ 236 10
80 21.6 1.02x 103 | 4.8x 101 | 1.7x 103 826 0.4
216 1.02x 103 | 4.8x 10 | 6.1x 103 2996 1.3
2160 1.02x 103 | 4.8x 10 | 4.7x 103 2296 1.0
1000 - - -
F & 1.02E+3 C/cm2 80
i ®m1.02E+3 C/cm2 50
- A1.02E+1 C/cm2 80
[ J
100 E
~ i
O\O L
v =
\\\\\\ N
10 F A \
[ |
i ’ \\
i .
0

1.E-08 1.E-06 1.E-04 1.E-02 1.E+00 1.E+02 1.E+04

(mA/Zcm?)

2.1.3-20
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TiO,+e” ~ TIOOH(?)

2.1.4-3

2H0 20 2H 20H°
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Ti+2H,0 - TiO, +4H +4e"
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2.1.1
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TiOOH 8
TiO2
2.1.2
TiO2 n 2HO0 2¢¢ 2H 20H°
2.1.3 (1000
2.1.2
100%
3)
()
Hads Habs
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10)
( )
fo) TiHw7 TiH1s
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€ TiH10
()
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2.1.4-4
[H] [Hc]
HZO
\ — /
‘JH Habs Ha s E:g:
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TiH \
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RCG cG
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(4)

2.1.4-5
100
103y ty
TiO2
50 0.2ppm
6mm
100
100
100 80
0.035
ooy 102 10 Jy
100%
vitt 100 100ppm 80 68ppm
Ti Tiws 17
SIMS
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50

100
100

500
500

500
500
80 60
102 101
100%
Ti Tiis 17
80
1000
1000
TiH15 1.7 TiH2 4%
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2.1.4-5
1000 6mm
400ppm H/Ti 15
30,000ppm 80
M m H/Ti 2
80y m
1000
2.1.4-6 Case-1
2.1.4-7
50 G H
80 D
2.1.4-6
Case-2
Case-1
2.1.4-7
B, C
Case-3
1000 50 80
10 1012 2/s
SIMS 2.1.4-8 SIMS
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101 2/
SIMS
1017 2/
2.1.4-9
A 50
1.3x 10° 1.3x 10'mA/cm? E,F
10-17m?/s
80
x 103 1.3x 10'mA/cm? B,C,D 2.1.4-7
SIMS
1015 2 1017 2/
2.1.4-10 13
6mm
1015 80
500 ppm
1.6 mm 500ppm
SIMS 2 1017
500ppm 1.8mm
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L 6 mm

Case-1 Case-2

............. Ke

o
Cs -
Cl ~ H/Ti 1.5
o) ~ 80 pym H/TI
2.1.4-6 1000
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3.91x 10mA/cm?2
( )

1.3x 10-3mA/cm?2

1.3x 10'mA/cm?

1.3x 10°mA/cm?2

1.3x 10'mA/cm?2

1000

4.05x 102C/cm?2

80

1.02x 101C/cm?

80

1.02x 103C/cm?

80

50

2.1.4-7
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wt.ppm

1E+3 [~ ° D =7.2x 107*® m*/s
A\ \
80 x 2160hr(1.02x 103C/cmx)\ N
A\
1E+2 | \\\ .
\ AN
\\D =7.0x 107Y" m*/s
1E+1 ————
0 10 20 30 40 50
g m
2.1.4-8 (SIMS)
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3.91x 10mA/cm?2

1.3x 10-3mA/cm?2

1.3x 10'mA/cm?

1.3x 109mA/cm?

1.3x 10'mA/cm?2
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17ppm
~ 1E+4 £ | (2880hr)
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— ©
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<
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<
—
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10 20 30 40 50 0 10 20 30 40 50
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1E+5 1E+5 F 1E+45
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e E ( ) 1E+4 1E+4 (21.6hr)
g £ g
] S =
E g E
1E+3 1E+3 1E+3
o SIMS
o —SIMS — D=7.0E-17
1E+2 } — D=7.0E-17 1E42 — D=72E-15 1E+2 —SIMS
— D=7.2E-15 — D=7.0E-17
o — D=7.2E-15
g 1E+1 1E+1 1E+1 : : :
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— 1E+5 1Ess
<>\<| SIMS O
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E E
1E43 1E+3
o
v Lo
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1000
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Hm gym
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800
700
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400
S 300
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nc. [ppm]
S
o

H

| D =7.2x 107 n¥/s

--1000 years
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300 years
@ —+ 100 years
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-= 10 years
- 5 years
\‘*\,\ — 1 year
\0\
\1
\X\‘\s\)\
I —
M’\
0 4 6
X [mm]
2.1.4-10 1000 0.035 y mly
80 7.2x 10m?/s
| D=1.1x 10" n%/s ~ 1000 years
- 500 years
E 300 years
—+ 100 years
[~ 50 years
\\ —= 10 years
~— - 5 years
[~ — 1 year
\<
\ )\o\“\
0 4 6
X [mm]
2.1.4-11 1000 0.035 p mly

1.1x 105m2/s
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(5)

1000
3 Case
Case-1
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H/Ti =2 40,000 ppm
80y m
Case-2
Case-1
Case-3
1000
Case-1 3

- 186 -

500 ppm

Case-2

0.035 p mly
1000
Case-1
0.035 p mly
10-17
1.8 mm



JNC TJ8400 2003-092

2.2

2.2.1
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2.2-1
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¢ 460
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]

1345
1777

205

2, 225 . ¢ 440 225 |1
¢ 914
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FEM -1 79
FEM FEM
Ti2 410MPa
JISH 4650 Ti2

JIS H 4650 Ti2

510MPa

@
-1 FEM
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Factors Handbook
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AMS 4978

Scc ( 2221
_dasth g8
o Code-geries Bisaelved 0 + %
{0 OD213¢ 0.111% i
i@ Q02137 0-118% ;
14 DOZ13% p.11%
4+ 002138 9120
. 4% oD21z8 0.123%
=|¢ 002140 0.1253%
=4 Q02142 0.126% &
3% 002148 0.127%
17 0021¢a 0.130%
1¥ 002i48 0.131%
1H 002150 0.133%
o | ¥ 002152 0.136%
W X 002158 0.140%
=~ 7
= J
w ] Ti-Al-¥-Cr-Mo-Zr
=, 11 OL3359 925°C-0.%h &
a
o | 7 (14787 985°C-0.2h AC
= ] L 14786 985°C-0.2h AC
g 014788 865%C-0.2h AC
@ 014720 BOA"C-ah
= D134794 900*C-dh
i DL4798 800" C-4h
x 3 Q900°C-3h WO, 580°C-4h AC
= 1800°C-3h W, 540°C-4h AC
] DEO0°C-Th Wi, 540°C-dh AC
o TAD28°C-Lh WO, 7BOC-1h AL
o
T ASTH G5
£ - Q17530 954°C-l.5h AL, TE0°Cf1h AC &
= +
1 cn Tisels
{4 OU7540 [052°C.10247C-1.5H AC,T52°C- Lk AC
1
-_— % ’ . |"r||I
T ; T T E &ﬂy E R T Ehg
STRESS [NTENSITY R KL M¥x-3/521)
TS
e T T —
Ti alloy ]
.50 macl !
2.2-2 SCC 13)
3.5%NacCl
da _ s a9 1232
—=9.798" 10 K 221
da
— 2.2-2

t =2.056" 10°%" K88
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,% as [m/sec], K as [kgf/mm?3?]

Si

% =1.746" 107" K%

dt

% =2174" 10°% " K88

dt

da .

E as [m/sec], K as[MPaOm]
2.2-3

F =

S; Wp’b

F{" =1.1362- 0.3927m- 0.345n7" +0.2623n"°
+1 (- 0.2179+0.2354m+0.3773n7 - 0.4189n7)
+12(5.0486 - 16.7939m+19.986n7 - 8.0212n7)
+12(- 2.6383+8.6007m- 9.6332n7 +3.5118n7 )
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Back Surface Ty

], —
t
B!
Front Surface ]
Section H-H

u=bfa, A=b/t
+ ¢ Poisson's ratio

[Reference ] M.Isida, H.Noguchi and T.Yoshida[l]
[Methad] Body Force Method
[Accuracy] Less tham 1 % at the deepest point of the crack

2.2-3 1)
u =b/a=1
F{" =0.6608- 0.0241 +0.2195| *- 0.159! ° 2.2-7
2.2-3 22-4 225 227
2.2-1 6mm
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2.2-1
0.1 mm 18 7 3,070,890
0.2mm 5 81,373
0.4 mm 4 2,629
0.6 mm 12 349
0.8 mm 2 82
1.0 mm 59 26
1.2mm 23 10
1.4 mm 10 4
1.6 mm 5 2
1.8 mm 2 1
2.0mm 1 8
4)
3.5%NaCl AMS 4978 SCC
6 mm
100
Clarke 1919
G2
2.2-4
ppm 700 ppm
Hc 500 ppm
Clarke 1
2.2-5 G2 6
S-L ST
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Hc 500ppm
5 875 -1
( 227,228 )
100 T T T Te | T T T T T T

o~ - 4

E

@ 80 .
[ o

]

8§ eof° Ks .
> 5]

e o o 7

2

E a0 .
[

3

@ » .
<t ' ]

g 20 | Slow Crack .
= Ductile Rupture | Growth Followed | Fast Crack

= by Fast Crack | Growth Only

o - | Growth i -

I 1
0 1 1 1 13 i 1 | I ! 1 1
] 200 400 600 800 1000 1200
Hydrogen Concentration wag™)
FIGURES:  Variation of the Critical Stress Intensity Factor with Hydrogen Content for Ti-2
(Transverse - Longitudinal (T-L) Orientation):
O - slow crack growth (Kg); ® - fast fracture (Kn)
2.2-4 G2 TL

FIGURE 1:

225 G2
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Orientation of Specimens and Notching with Respect to the Principal Directions of the Fabricated Material
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Critical Stress Intensity Factor/ MPa e m "2
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FIGURE 5C: Dependence of the Critical Stress Intensities for Plastic Collapse (Ks) (O O) and Fast Fracture (Ky) (8 ® ) upon

226 G2

FIGURE 12:

22-7 G2

IS{Yd’IE(E%e; )Concentraticns in Grade-2 Material G for the Fracture Planes Parallel to the Rolling Plane, S - L (00 @ ) and

S-L S-T
100 T T
c 80
&
o
=
5 60 gﬁ
£ Ks (gu%@ﬁ‘@@
- L [
2 \@@%
£ ®
a - ~%¢
s 2 : ® o7 & ——
8
(_:) 0V....I..:.l..-.l...nl--..
0 500 1000 1500 2000 2500

Concentration Hydrogen / wppm

Dependence of the Critical Stress Intensities for Plastic Collapse (Ks) (O <> A) and Fast Fracture (Ky) (@ B € 4)
upon Hydrogen Concentration in Grade-2 Material F. Results are for the as-received plate material in the T-L (01 @)
and L - T (O @) orientations and for the the same material given a 5% reduction by rolling before machining samples
in the T - L (O€®) and L - T (A A)orientations.
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100 L L L B B

o L 13B. 7
N 3
e 80F E
[ o 3
o. o 3
= E E
g e0f om ;
R E K P E

)~ O .
[ '
ko) 3 Ky E
E
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D o [
& 0F v E
8 3 3
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Hydrogen Concentration / wppm

FIGURE 13: Dependence of the Critical Stress Intensities for Plastic Collapse (Ks) (0 O) and Fast Fracture (Ky) (B @) upon
Hydrogen Concentrations in Grade-2 Material G after Annealing at 875°C for One Hour before Furnace or Air Cooling
(0®). Points are included for the original material for comparison (00 B) (A) for the L - T and (B) the T -L.

228 G2 875 -1 1
212 ASTM
G2 80 3.5x 1072
u m/
2.2-4 2.2-6
2.2-8
6 mm
Ti+2H0 - TiOz2+4H 2.2-8
2.2.1(3) 2.2-5 2.2-4
2.2-6 225
510 MPa
2.2-4 2.2-6
2.2-9 2.2-10 @)
225
2.2-9 1000 1200
1000
3mm
1900

-195 -



JNC TJ8400 2003-092

2.2-10

1000
2mm
1800

2mm

1000

fy
.

P i B

2 \
\

1

L N

0 500 1,000 1,500 2,000 2,500
()
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(mm)

\
o 3
z 4 Ky
S

0 1,000 2,000 3,000 4,000
()
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- 196 -



JNC TJ8400 2003-092

2.2.2

@)
2.2.1(2)

@
2.2.1(2)

3)
3.5%NaCl

100

AMS 4978
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1000

TiO2 2

120 98

50 2.5x 102 y m/y 80 3.5x 102 p mly

80 1000
( 6 mm) 8 ppm
400 ppm
1000
100
50 80
80
1000
3
Case-2
FEM 400
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MPa 3.5 NacCl
AMS4978 SCC
100
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3.
31 34 31 3-6
3
300 MPa( 5 ) ( )
6 300 MPa
31
(*) [g/mm’] (x 107) (*)[Jg 1] (*) W/imm ] (x 10°)
[ 1] Ti Stedl Cu Ti Stedl Cu Ti Sted Cu
27 4.51 7.86 8.88 0.522 0.473 0.386 21.9 51.6 398
227 7.80 0.529 47.8
327 4.47 8.78 0.610 0.425 19.4 383
527 4.44 7.71 8.68 0.674 0.690 0.447 19.7 38.2 371
727 441 8.59 0.732 0.471 20.7 357
927 4.39 8.46 0.700 0.492 22.0 342
3-2
(*) [ 71(x 109

[ ] Ti Steel Cu

27 8.70 11.8 16.6

227 12.8

327 10.4 18.9

527 111 14.1 20.3

727 115 224

927 11.3 24.9

3-3
Ti (**) Sted (***) Cu (**+*)

[ ] [MPa] [ ] [MPa] [ ] [MPa]
25 111720 0.31 0 210000 0.30 25 129000 0.30
200 97020 0.31 250 200000 0.30 225 121000 0.30
300 88200 0.31 800 98000 0.30 725 83500 0.30
500 76440 0.31 1200 10000 0.30 950 64600 0.30
700 63700 0.31
900 53900 0.31

(*) 1 (**) JS-H-4650 Ti2

(¥*%) 2 (F*%%) 3




JNC TJ8400 2003-092

34
Ti ¢ Sted () () Cu ()
[ ] IMPa | [mm/mm] | [ ] [MPd] [mm/mm] [MPd] [mm/mm]
25 357.7 0.0 0 300.0 0.0 300.0 0.0
25 535.3 0.2 250 267.0 0.0 267.0 0.0
200 174.8 0.0 800 10.9 0.0 10.9 0.0
200 259.6 0.2
300 130.9 0.0
300 208.3 0.2
500 100.8 0.0
500 124.7 0.2
700 50.6 0.0
700 50.7 0.2
900 6.1 0.0
900 6.2 0.2
(***) 2 (*****) 4 (******) 5

1 6
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4,

6 10mm 10 [mm]x 10 [mm]
7 70%

Q=0.9 [MJIm]=900 [Jmm]

S=10 [mm]x 10 [mm]=100 [mm?]
n =0.7

t=1.0 [sec]

g=(Qx n )/(Sx H)=6.3[Imm® sec]
0=6.3 [Jmm® sec]
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ﬁnoociooon
.‘..0»0-0-&.....
Jm
e %%o.
-50 -40 -30 -20 -10 0 10 20 30 40 50
(r) [mm]
(a)
\ \ 7
—e— h=0.0mm_Ti
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