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Background

• Tritium embrittlement discovered at SRL in 1979.
• SRNL has been the sole NNSA laboratory conducting 

experimental R&D on the effects of tritium and decay 
helium on structural properties for more than 25 years.

• Early studies on permeation and mechanical properties 
• Now focused on fracture mechanics behavior of alloys 

and fabrication processes.
• Supported by Enhanced Surveillance (Aging and 

Lifetimes) (~$800K/yr).

Tritium Autoradiography 
Reveals Depth of Penetration

Source: SRL Notebook 
Dave Rawl, 11/7/79
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Aging and Lifetimes - Program Goal

Goal:
• Develop an understanding of tritium 

embrittlement and, at the same time, provide 
required data for establishing and extending 
tritium reservoir lifetimes.

Current Efforts and Presentation Outline:
– Fracture toughness properties of actual 

reservoir forgings and microstructures
– Forging process effects on tritium 

compatibility
– Weldments and heat-affected zones
– Additive Manufactured alloys
– New characterization techniques and 

modeling
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Fracture Mechanics Approach

Measure fracture toughness 
properties of base metals, 
weldments and heat-affected 
zones after tritium exposure.

Reservoir Model Stress Distribution

Tritium Induced Cracking in Base Metal and 
Weld Heat Affected Zone
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Experimental Procedure

Fabricate samples 
From Forgings Hydrogen/Tritium 

Exposure at 350C 
and 5000 psi – Age 
at -50 C to Build-in 
Helium W/O Losing 

Tritium

Test In Hood For 
Containment of 

Tritium Off-gassing



Tritium Exposures and Aging

• Expose to tritium gas at 35 MPa and 350°C for two weeks.
• Age to ~1000 appm He.
• 350°C is high enough for to saturate samples with tritium but low 

enough to minimize any change in microstructure. 
• Aging at low temperature minimizes off-gassing losses.

0

1000

2000

3000

4000

5000

6000

7000

0 24 48 72 96

Time (months)
C

on
ce

nt
ra

tio
n 

(a
pp

m
)

Helium (304L)
Tritium (304L)
Helium (21-6-9)
Tritium (21-7-9)

1st Age

2nd Age


Chart4

		0.69		0.69		0.69		0.69

		0.92		0.92		0.92		0.92

		6.92		6.92		6.92		6.92

		18.92		18.92		18.92		18.92

		42.92		42.92		42.92		42.92

		66.92		66.92		66.92		66.92

		90.92		90.92		90.92		90.92



1st Age

2nd Age

Helium (304L)

Tritium (304L)

Helium (21-6-9)

Tritium (21-7-9)

Time (months)

Concentration (appm)

10.3455

3812.16

18.73685418

6499.94598

14.459131005

3728.543907

25.603573215

6353.53521

117.5886459

3610.592667

201.3387915

6152.436873

315.3142245

3412.248114

538.250658

5814.05814

678.770763

3047.657646

1157.4931005

5192.135586

1003.393116

2722.028958

1710.496755

4636.759677

1293.3313965

2431.198143

2204.3498565

4140.806439



tritium profile 304l samples

				Program		DIFF.BAS...................03-28-2001																																						Program		DIFF.BAS...................03-29-2001

																						304L Samples						304L								21-6-9

				Identification:304L																								cc/cc				appm				cc/cc				appm				Identification:2169

				Material:																		Step		Months		Cumulative		Tritium		Helium						Tritium		Helium						Material:

				304L																		1		0.69		1		6.08		0.033		3812.16		10.3455		10.36674		5.98E-02		6499.94598		18.73685418		21-6-9

				Analysis		of:																2		0.23		1		5.946641		4.61E-02		3728.543907		14.459131005		10.13323		8.17E-02		6353.53521		25.603573215		Analysis		of:

				Tritium																		3		6		7		5.758521		0.3750834		3610.592667		117.5886459		9.812499		0.642229		6152.436873		201.3387915		Tritium

				Tritium		contained		in		a		closed		volume								4		12		19		5.442182		1.005787		3412.248114		315.3142245		9.27282		1.716908		5814.05814		538.250658		Tritium		contained		in		a		closed		volume

				Standard		tritium		decay														5		24		43		4.860698		2.165138		3047.657646		678.770763		8.280918		3.692163		5192.135586		1157.4931005		Standard		tritium		decay

				Plane		Sheet																6		24		67		4.341354		3.200616		2722.028958		1003.393116		7.395151		5.45613		4636.759677		1710.496755		Plane		Sheet

				Wall		thickness		(in.)=		0.18												7		24		91		3.877509		4.125459		2431.198143		1293.3313965		6.604157		7.031419		4140.806439		2204.3498565		Wall		thickness		(in.)=		0.18

				Fill		Data		entered		in		atmospheres																																Fill		Data		entered		in		atmospheres

				Exposure		Data:																																						Exposure		Data:

				Exposure		Temp(C)		Time(mo)		Hydrogen		Deuterium		Tritium																														Exposure		Temp(C)		Time(mo)		Hydrogen		Deuterium		Tritium

				1		350		0.69		--		--		327																														1		350		0.69		--		--		327

				2		25		0.23		--		--		178																														2		25		0.23		--		--		178

				3		-23		6		--		--		0																														3		-23		6		--		--		0

				4		-23		12		--		--		0																														4		-23		12		--		--		0

				5		-23		24		--		--		0																														5		-23		24		--		--		0

				6		-23		24		--		--		0																														6		-23		24		--		--		0

				7		-23		24		--		--		0																														7		-23		24		--		--		0

				Data		on		output		side		of		structure:																														Data		on		output		side		of		structure:

				Diffusion		through		both		sides																																		Diffusion		through		both		sides

				*=Fill		data		obtained		from		previous		exposure																														*=Fill		data		obtained		from		previous		exposure

				304L																																								2169

				Step		1																																						Step		1

				M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium																														M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium

				0		0		0		0		6.1157		0.0396																														0		0		0		0		10.3754		0.0675

				1		0.0045		0		0		6.1117		0.0387																														1		0.0045		0		0		10.3743		0.0664

				2		0.009		0		0		6.1078		0.0378																														2		0.009		0		0		10.3732		0.0653

				3		0.0135		0		0		6.1039		0.037																														3		0.0135		0		0		10.3721		0.0643

				4		0.018		0		0		6.1001		0.0362																														4		0.018		0		0		10.3711		0.0633

				5		0.0225		0		0		6.0964		0.0354																														5		0.0225		0		0		10.3701		0.0624

				6		0.027		0		0		6.0929		0.0348																														6		0.027		0		0		10.3691		0.0616

				7		0.0315		0		0		6.0895		0.0341																														7		0.0315		0		0		10.3682		0.0608

				8		0.036		0		0		6.0862		0.0335																														8		0.036		0		0		10.3673		0.0601

				9		0.0405		0		0		6.0831		0.033																														9		0.0405		0		0		10.3665		0.0594

				10		0.045		0		0		6.0803		0.0325																														10		0.045		0		0		10.3657		0.0588

				11		0.0495		0		0		6.0776		0.032																														11		0.0495		0		0		10.365		0.0582

				12		0.054		0		0		6.0752		0.0316																														12		0.054		0		0		10.3644		0.0577

				13		0.0585		0		0		6.0731		0.0313																														13		0.0585		0		0		10.3638		0.0573

				14		0.063		0		0		6.0712		0.0309																														14		0.063		0		0		10.3633		0.0569

				15		0.0675		0		0		6.0695		0.0307																														15		0.0675		0		0		10.3629		0.0566

				16		0.072		0		0		6.0682		0.0305																														16		0.072		0		0		10.3626		0.0563

				17		0.0765		0		0		6.0671		0.0303																														17		0.0765		0		0		10.3623		0.0561

				18		0.081		0		0		6.0664		0.0302																														18		0.081		0		0		10.3621		0.056

				19		0.0855		0		0		6.0659		0.0301																														19		0.0855		0		0		10.362		0.0559

				20		0.09		0		0		6.0658		0.0301																														20		0.09		0		0		10.3619		0.0559

				Initial		Pressures		(atmospheres):																																				Initial		Pressures		(atmospheres):

				Hydrogen=		0																																						Hydrogen=		0

				Deuterium=		0																																						Deuterium=		0

				Tritium=		327																																						Tritium=		327

				Gas		Consumed		in		Metal		(cc/cc):																																Gas		Consumed		in		Metal		(cc/cc):

				Total		Average																																						Total		Average

				Tritium=		2.781533		6.083842																																				Tritium=		4.739675		10.36674

				Helium=		1.52E-02		3.33E-02																																				Helium=		2.73E-02		5.98E-02

				Total		curies		Tritium		per		cc		of		metal=		7.176354																										Total		curies		Tritium		per		cc		of		metal=		12.22836

				Total		Hydrogen		Content=		2.781533																																		Total		Hydrogen		Content=		4.739675

				Permeabilities		(cc/sec/cm/cm):																																						Permeabilities		(cc/sec/cm/cm):

				Input		side:																																						Input		side:

				Hydrogen=		Not		Applicable																																				Hydrogen=		Not		Applicable

				Deuterium=Not		Applicable																																						Deuterium=Not		Applicable

				Tritium=		Not		Applicable																																				Tritium=		Not		Applicable

				Output		side:																																						Output		side:

				Same		as		input		side																																		Same		as		input		side

				304L																																								2169

				Step		2																																						Step		2

				M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium																														M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium

				0		0		0		0		0.925		0.0416																														0		0		0		0		1.5693		0.0709

				1		0.0045		0		0		6.0845		0.0519																														1		0.0045		0		0		10.3143		0.0887

				2		0.009		0		0		6.1011		0.051																														2		0.009		0		0		10.3619		0.0877

				3		0.0135		0		0		6.0973		0.0502																														3		0.0135		0		0		10.3609		0.0867

				4		0.018		0		0		6.0935		0.0494																														4		0.018		0		0		10.3599		0.0857

				5		0.0225		0		0		6.0899		0.0486																														5		0.0225		0		0		10.3589		0.0848

				6		0.027		0		0		6.0863		0.0479																														6		0.027		0		0		10.3579		0.084

				7		0.0315		0		0		6.0829		0.0473																														7		0.0315		0		0		10.357		0.0832

				8		0.036		0		0		6.0796		0.0467																														8		0.036		0		0		10.3561		0.0825

				9		0.0405		0		0		6.0766		0.0461																														9		0.0405		0		0		10.3553		0.0818

				10		0.045		0		0		6.0737		0.0456																														10		0.045		0		0		10.3546		0.0812

				11		0.0495		0		0		6.0711		0.0451																														11		0.0495		0		0		10.3539		0.0806

				12		0.054		0		0		6.0687		0.0447																														12		0.054		0		0		10.3532		0.0801

				13		0.0585		0		0		6.0665		0.0444																														13		0.0585		0		0		10.3527		0.0797

				14		0.063		0		0		6.0646		0.0441																														14		0.063		0		0		10.3522		0.0793

				15		0.0675		0		0		6.063		0.0438																														15		0.0675		0		0		10.3517		0.079

				16		0.072		0		0		6.0616		0.0436																														16		0.072		0		0		10.3514		0.0787

				17		0.0765		0		0		6.0606		0.0434																														17		0.0765		0		0		10.3511		0.0785

				18		0.081		0		0		6.0598		0.0433																														18		0.081		0		0		10.3509		0.0784

				19		0.0855		0		0		6.0594		0.0432																														19		0.0855		0		0		10.3508		0.0783

				20		0.09		0		0		6.0592		0.0432																														20		0.09		0		0		10.3507		0.0782

				Initial		Pressures		(atmospheres):																																				Initial		Pressures		(atmospheres):

				Hydrogen=		0																																						Hydrogen=		0

				Deuterium=		0																																						Deuterium=		0

				Tritium=		178																																						Tritium=		178

				Gas		Consumed		in		Metal		(cc/cc):																																Gas		Consumed		in		Metal		(cc/cc):

				Total		Average																																						Total		Average

				Tritium=		2.718805		5.946641																																				Tritium=		4.632914		10.13323

				Helium=		2.11E-02		4.61E-02																																				Helium=		3.73E-02		8.17E-02

				Total		curies		Tritium		per		cc		of		metal=		7.014516																										Total		curies		Tritium		per		cc		of		metal=		11.95292

				Total		Hydrogen		Content=		2.718805																																		Total		Hydrogen		Content=		4.632914

				Permeabilities		(cc/sec/cm/cm):																																						Permeabilities		(cc/sec/cm/cm):

				Input		side:																																						Input		side:

				Hydrogen=		Not		Applicable																																				Hydrogen=		Not		Applicable

				Deuterium=Not		Applicable																																						Deuterium=Not		Applicable

				Tritium=		3.89E-10																																						Tritium=		9.22E-10

				Output		side:																																						Output		side:

				Same		as		input		side																																		Same		as		input		side

				304L																																								2169

				Step		3																																						Step		3

				M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium																														M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium

				0		0		0		0		0		0.0416																														0		0		0		0		0		0.0709

				1		0.0045		0		0		5.9055		0.3895																														1		0.0045		0		0		10.004		0.6609

				2		0.009		0		0		5.9317		0.3898																														2		0.009		0		0		10.074		0.6632

				3		0.0135		0		0		5.928		0.3888																														3		0.0135		0		0		10.0732		0.6621

				4		0.018		0		0		5.9243		0.3878																														4		0.018		0		0		10.0722		0.6611

				5		0.0225		0		0		5.9207		0.3868																														5		0.0225		0		0		10.0712		0.6601

				6		0.027		0		0		5.9173		0.3859																														6		0.027		0		0		10.0703		0.6592

				7		0.0315		0		0		5.914		0.3851																														7		0.0315		0		0		10.0694		0.6584

				8		0.036		0		0		5.9108		0.3843																														8		0.036		0		0		10.0686		0.6576

				9		0.0405		0		0		5.9078		0.3836																														9		0.0405		0		0		10.0678		0.6569

				10		0.045		0		0		5.9051		0.3829																														10		0.045		0		0		10.067		0.6562

				11		0.0495		0		0		5.9025		0.3823																														11		0.0495		0		0		10.0663		0.6556

				12		0.054		0		0		5.9001		0.3818																														12		0.054		0		0		10.0657		0.6551

				13		0.0585		0		0		5.898		0.3813																														13		0.0585		0		0		10.0652		0.6546

				14		0.063		0		0		5.8962		0.3809																														14		0.063		0		0		10.0647		0.6542

				15		0.0675		0		0		5.8946		0.3805																														15		0.0675		0		0		10.0643		0.6539

				16		0.072		0		0		5.8933		0.3802																														16		0.072		0		0		10.0639		0.6536

				17		0.0765		0		0		5.8923		0.38																														17		0.0765		0		0		10.0637		0.6534

				18		0.081		0		0		5.8916		0.3798																														18		0.081		0		0		10.0635		0.6532

				19		0.0855		0		0		5.8911		0.3797																														19		0.0855		0		0		10.0634		0.6531

				20		0.09		0		0		5.891		0.3797																														20		0.09		0		0		10.0633		0.6531

				Initial		Pressures		(atmospheres):																																				Initial		Pressures		(atmospheres):

				Hydrogen=		0																																						Hydrogen=		0

				Deuterium=		0																																						Deuterium=		0

				Tritium=		0																																						Tritium=		0

				Gas		Consumed		in		Metal		(cc/cc):																																Gas		Consumed		in		Metal		(cc/cc):

				Total		Average																																						Total		Average

				Tritium=		2.632796		5.758521																																				Tritium=		4.486275		9.812499

				Helium=		0.1714881		0.3750834																																				Helium=		0.2936271		0.642229

				Total		curies		Tritium		per		cc		of		metal=		6.792613																										Total		curies		Tritium		per		cc		of		metal=		11.57459

				Total		Hydrogen		Content=		2.632796																																		Total		Hydrogen		Content=		4.486275

				Permeabilities		(cc/sec/cm/cm):																																						Permeabilities		(cc/sec/cm/cm):

				Input		side:																																						Input		side:

				Hydrogen=		Not		Applicable																																				Hydrogen=		Not		Applicable

				Deuterium=Not		Applicable																																						Deuterium=Not		Applicable

				Tritium=		7.36E-12																																						Tritium=		1.74E-11

				Output		side:																																						Output		side:

				Same		as		input		side																																		Same		as		input		side

				304L																																								2169

				Step		4																																						Step		4

				M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium																														M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium

				0		0		0		0		0		0.0416																														0		0		0		0		0		0.0709

				1		0.0045		0		0		5.563		1.0352																														1		0.0045		0		0		9.4111		1.7539

				2		0.009		0		0		5.6067		1.0396																														2		0.009		0		0		9.5218		1.7666

				3		0.0135		0		0		5.6033		1.0381																														3		0.0135		0		0		9.5215		1.7655

				4		0.018		0		0		5.5999		1.0367																														4		0.018		0		0		9.5206		1.7644

				5		0.0225		0		0		5.5965		1.0354																														5		0.0225		0		0		9.5197		1.7633

				6		0.027		0		0		5.5932		1.0341																														6		0.027		0		0		9.5188		1.7623

				7		0.0315		0		0		5.5901		1.0329																														7		0.0315		0		0		9.5179		1.7613

				8		0.036		0		0		5.5871		1.0317																														8		0.036		0		0		9.5171		1.7605

				9		0.0405		0		0		5.5843		1.0307																														9		0.0405		0		0		9.5164		1.7597

				10		0.045		0		0		5.5816		1.0297																														10		0.045		0		0		9.5157		1.7589

				11		0.0495		0		0		5.5792		1.0288																														11		0.0495		0		0		9.515		1.7583

				12		0.054		0		0		5.577		1.028																														12		0.054		0		0		9.5145		1.7577

				13		0.0585		0		0		5.575		1.0273																														13		0.0585		0		0		9.5139		1.7571

				14		0.063		0		0		5.5733		1.0267																														14		0.063		0		0		9.5135		1.7567

				15		0.0675		0		0		5.5718		1.0262																														15		0.0675		0		0		9.5131		1.7563

				16		0.072		0		0		5.5705		1.0257																														16		0.072		0		0		9.5128		1.756

				17		0.0765		0		0		5.5696		1.0254																														17		0.0765		0		0		9.5125		1.7557

				18		0.081		0		0		5.5689		1.0252																														18		0.081		0		0		9.5123		1.7555

				19		0.0855		0		0		5.5685		1.025																														19		0.0855		0		0		9.5122		1.7554

				20		0.09		0		0		5.5683		1.025																														20		0.09		0		0		9.5122		1.7554

				Initial		Pressures		(atmospheres):																																				Initial		Pressures		(atmospheres):

				Hydrogen=		0																																						Hydrogen=		0

				Deuterium=		0																																						Deuterium=		0

				Tritium=		0																																						Tritium=		0

				Gas		Consumed		in		Metal		(cc/cc):																																Gas		Consumed		in		Metal		(cc/cc):

				Total		Average																																						Total		Average

				Tritium=		2.488166		5.442182																																				Tritium=		4.239534		9.27282

				Helium=		0.459846		1.005787																																				Helium=		0.7849703		1.716908

				Total		curies		Tritium		per		cc		of		metal=		6.419467																										Total		curies		Tritium		per		cc		of		metal=		10.938

				Total		Hydrogen		Content=		2.488166																																		Total		Hydrogen		Content=		4.239534

				Permeabilities		(cc/sec/cm/cm):																																						Permeabilities		(cc/sec/cm/cm):

				Input		side:																																						Input		side:

				Hydrogen=		Not		Applicable																																				Hydrogen=		Not		Applicable

				Deuterium=Not		Applicable																																						Deuterium=Not		Applicable

				Tritium=		6.93E-12																																						Tritium=		1.64E-11

				Output		side:																																						Output		side:

				Same		as		input		side																																		Same		as		input		side
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				Step		5																																						Step		5

				M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium																														M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium

				0		0		0		0		0		0.0416																														0		0		0		0		0		0.0709

				1		0.0045		0		0		4.9367		2.2163																														1		0.0045		0		0		8.3293		3.7494

				2		0.009		0		0		5.009		2.2341																														2		0.009		0		0		8.5061		3.7953

				3		0.0135		0		0		5.0064		2.232																														3		0.0135		0		0		8.5071		3.7942

				4		0.018		0		0		5.0033		2.2299																														4		0.018		0		0		8.5063		3.7929

				5		0.0225		0		0		5.0003		2.2278																														5		0.0225		0		0		8.5055		3.7916

				6		0.027		0		0		4.9973		2.2258																														6		0.027		0		0		8.5047		3.7904

				7		0.0315		0		0		4.9945		2.2239																														7		0.0315		0		0		8.5039		3.7893

				8		0.036		0		0		4.9919		2.2222																														8		0.036		0		0		8.5032		3.7883

				9		0.0405		0		0		4.9894		2.2205																														9		0.0405		0		0		8.5026		3.7873

				10		0.045		0		0		4.987		2.219																														10		0.045		0		0		8.5019		3.7864

				11		0.0495		0		0		4.9848		2.2176																														11		0.0495		0		0		8.5014		3.7856

				12		0.054		0		0		4.9829		2.2163																														12		0.054		0		0		8.5008		3.7849

				13		0.0585		0		0		4.9811		2.2152																														13		0.0585		0		0		8.5004		3.7843

				14		0.063		0		0		4.9795		2.2142																														14		0.063		0		0		8.5		3.7837

				15		0.0675		0		0		4.9782		2.2134																														15		0.0675		0		0		8.4996		3.7832

				16		0.072		0		0		4.9771		2.2127																														16		0.072		0		0		8.4993		3.7828

				17		0.0765		0		0		4.9762		2.2121																														17		0.0765		0		0		8.4991		3.7825

				18		0.081		0		0		4.9756		2.2117																														18		0.081		0		0		8.4989		3.7823

				19		0.0855		0		0		4.9752		2.2115																														19		0.0855		0		0		8.4988		3.7822

				20		0.09		0		0		4.9751		2.2114																														20		0.09		0		0		8.4988		3.7821

				Initial		Pressures		(atmospheres):																																				Initial		Pressures		(atmospheres):

				Hydrogen=		0																																						Hydrogen=		0

				Deuterium=		0																																						Deuterium=		0

				Tritium=		0																																						Tritium=		0

				Gas		Consumed		in		Metal		(cc/cc):																																Gas		Consumed		in		Metal		(cc/cc):

				Total		Average																																						Total		Average

				Tritium=		2.222311		4.860698																																				Tritium=		3.786036		8.280918

				Helium=		0.9899011		2.165138																																				Helium=		1.688057		3.692163

				Total		curies		Tritium		per		cc		of		metal=		5.733562																										Total		curies		Tritium		per		cc		of		metal=		9.767973

				Total		Hydrogen		Content=		2.222311																																		Total		Hydrogen		Content=		3.786036

				Permeabilities		(cc/sec/cm/cm):																																						Permeabilities		(cc/sec/cm/cm):

				Input		side:																																						Input		side:

				Hydrogen=		Not		Applicable																																				Hydrogen=		Not		Applicable

				Deuterium=Not		Applicable																																						Deuterium=Not		Applicable

				Tritium=		6.15E-12																																						Tritium=		1.45E-11

				Output		side:																																						Output		side:

				Same		as		input		side																																		Same		as		input		side
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				Step		6																																						Step		6

				M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium																														M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium

				0		0		0		0		0		0.0416																														0		0		0		0		0		0.0709

				1		0.0045		0		0		4.3811		3.2645																														1		0.0045		0		0		7.3725		5.5155

				2		0.009		0		0		4.4748		3.3013																														2		0.009		0		0		7.5981		5.6075

				3		0.0135		0		0		4.473		3.2987																														3		0.0135		0		0		7.6008		5.6068

				4		0.018		0		0		4.4703		3.2959																														4		0.018		0		0		7.6001		5.6053

				5		0.0225		0		0		4.4676		3.2932																														5		0.0225		0		0		7.5994		5.6039

				6		0.027		0		0		4.465		3.2906																														6		0.027		0		0		7.5986		5.6025

				7		0.0315		0		0		4.4624		3.2881																														7		0.0315		0		0		7.598		5.6012

				8		0.036		0		0		4.4601		3.2858																														8		0.036		0		0		7.5973		5.6001

				9		0.0405		0		0		4.4578		3.2836																														9		0.0405		0		0		7.5967		5.5989

				10		0.045		0		0		4.4557		3.2816																														10		0.045		0		0		7.5962		5.5979

				11		0.0495		0		0		4.4538		3.2797																														11		0.0495		0		0		7.5957		5.597

				12		0.054		0		0		4.452		3.278																														12		0.054		0		0		7.5952		5.5962

				13		0.0585		0		0		4.4504		3.2765																														13		0.0585		0		0		7.5948		5.5954

				14		0.063		0		0		4.449		3.2752																														14		0.063		0		0		7.5944		5.5948

				15		0.0675		0		0		4.4478		3.2741																														15		0.0675		0		0		7.5941		5.5942

				16		0.072		0		0		4.4469		3.2731																														16		0.072		0		0		7.5938		5.5938

				17		0.0765		0		0		4.4461		3.2724																														17		0.0765		0		0		7.5937		5.5934

				18		0.081		0		0		4.4455		3.2719																														18		0.081		0		0		7.5935		5.5932

				19		0.0855		0		0		4.4452		3.2716																														19		0.0855		0		0		7.5934		5.593

				20		0.09		0		0		4.4451		3.2714																														20		0.09		0		0		7.5934		5.593

				Initial		Pressures		(atmospheres):																																				Initial		Pressures		(atmospheres):

				Hydrogen=		0																																						Hydrogen=		0

				Deuterium=		0																																						Deuterium=		0

				Tritium=		0																																						Tritium=		0

				Gas		Consumed		in		Metal		(cc/cc):																																Gas		Consumed		in		Metal		(cc/cc):

				Total		Average																																						Total		Average

				Tritium=		1.984867		4.341354																																				Tritium=		3.381063		7.395151

				Helium=		1.463322		3.200616																																				Helium=		2.494543		5.45613

				Total		curies		Tritium		per		cc		of		metal=		5.120957																										Total		curies		Tritium		per		cc		of		metal=		8.723143

				Total		Hydrogen		Content=		1.984867																																		Total		Hydrogen		Content=		3.381063

				Permeabilities		(cc/sec/cm/cm):																																						Permeabilities		(cc/sec/cm/cm):

				Input		side:																																						Input		side:

				Hydrogen=		Not		Applicable																																				Hydrogen=		Not		Applicable

				Deuterium=Not		Applicable																																						Deuterium=Not		Applicable

				Tritium=		5.46E-12																																						Tritium=		1.29E-11

				Output		side:																																						Output		side:

				Same		as		input		side																																		Same		as		input		side
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				Step		7																																						Step		7

				M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium																														M		Dist(in.)		Hydrogen		Deuterium		Tritium		Helium

				0		0		0		0		0		0.0416																														0		0		0		0		0		0.0709

				1		0.0045		0		0		3.8882		4.1948																														1		0.0045		0		0		6.5262		7.0789

				2		0.009		0		0		3.9974		4.2547																														2		0.009		0		0		6.7864		7.2261

				3		0.0135		0		0		3.9965		4.2518																														3		0.0135		0		0		6.791		7.2263

				4		0.018		0		0		3.994		4.2484																														4		0.018		0		0		6.7904		7.2247

				5		0.0225		0		0		3.9916		4.2451																														5		0.0225		0		0		6.7898		7.2231

				6		0.027		0		0		3.9893		4.2419																														6		0.027		0		0		6.7891		7.2216

				7		0.0315		0		0		3.987		4.2389																														7		0.0315		0		0		6.7885		7.2201

				8		0.036		0		0		3.9849		4.2361																														8		0.036		0		0		6.788		7.2188

				9		0.0405		0		0		3.9829		4.2334																														9		0.0405		0		0		6.7874		7.2176

				10		0.045		0		0		3.981		4.231																														10		0.045		0		0		6.7869		7.2164

				11		0.0495		0		0		3.9793		4.2287																														11		0.0495		0		0		6.7865		7.2154

				12		0.054		0		0		3.9777		4.2266																														12		0.054		0		0		6.7861		7.2145

				13		0.0585		0		0		3.9763		4.2248																														13		0.0585		0		0		6.7857		7.2136

				14		0.063		0		0		3.9751		4.2231																														14		0.063		0		0		6.7854		7.2129

				15		0.0675		0		0		3.974		4.2218																														15		0.0675		0		0		6.7851		7.2123

				16		0.072		0		0		3.9731		4.2206																														16		0.072		0		0		6.7848		7.2118

				17		0.0765		0		0		3.9724		4.2197																														17		0.0765		0		0		6.7847		7.2114

				18		0.081		0		0		3.9719		4.2191																														18		0.081		0		0		6.7845		7.2111

				19		0.0855		0		0		3.9716		4.2187																														19		0.0855		0		0		6.7845		7.2109

				20		0.09		0		0		3.9715		4.2186																														20		0.09		0		0		6.7844		7.2109

				Initial		Pressures		(atmospheres):																																				Initial		Pressures		(atmospheres):

				Hydrogen=		0																																						Hydrogen=		0

				Deuterium=		0																																						Deuterium=		0

				Tritium=		0																																						Tritium=		0

				Gas		Consumed		in		Metal		(cc/cc):																																Gas		Consumed		in		Metal		(cc/cc):

				Total		Average																																						Total		Average

				Tritium=		1.772797		3.877509																																				Tritium=		3.019421		6.604157

				Helium=		1.88616		4.125459																																				Helium=		3.214765		7.031419

				Total		curies		Tritium		per		cc		of		metal=		4.573816																										Total		curies		Tritium		per		cc		of		metal=		7.790105

				Total		Hydrogen		Content=		1.772797																																		Total		Hydrogen		Content=		3.019421

				Permeabilities		(cc/sec/cm/cm):																																						Permeabilities		(cc/sec/cm/cm):

				Input		side:																																						Input		side:

				Hydrogen=		Not		Applicable																																				Hydrogen=		Not		Applicable

				Deuterium=Not		Applicable																																						Deuterium=Not		Applicable

				Tritium=		4.84E-12																																						Tritium=		1.14E-11

				Output		side:																																						Output		side:

				Same		as		input		side																																		Same		as		input		side
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Load, Displacement and Crack Length Monitored During Mechanical Testing
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Typical Results – Rising Load Tests

• J-Integral fracture toughness properties are decreased 
with increasing hydrogen exposure pressures.

• Properties decrease further with aging from build in of 
decay helium.
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Effect of Decay Helium on Base Metal Toughness 
(up to 18 years of Aging)

Decay Helium Bubbles Observed on 
Grain Boundary after Plastic Deformation
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Effect of Decay Helium on Weldment Toughness 
(up to 18 years of Aging)

Welds are Tougher than Base Metals Before 
Exposure; Similar Toughness After Exposure

Weldments of the Two Steels Had Similar Low 
Toughness Properties After Aging
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Fracture Toughness Properties of Actual Forgings

Stem 
Forging

Cup Forging

Block 
Forging



2 Fracture Appearance - Type 304L SS Block Forging

Not-Charged 
60RA1

Not-Charged 
60RA1

H2-Charged 
60RA9

H2-Charged 
60RA9



Forging Process Effects: Strain Rate and Temperatures3

Specimens Fabricated from 
Remnants of  Multi-Stage Forging 

Processes
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Forging Process Effect

Tritium-precharging produced a similar reduction in the fracture 
toughness values for all of the forging conditions. 



15

Tritium Effects on Welds and Heat Affected Zones

• Joint effort with Sandia National Laboratory (Joe Ronevich)
• Two steels – Types 304L and 21-6-9 SS
• Cracks in Fusion Zone and HAZ
• SNL – vessel fabrication; specimen machining, control tests. 
• SRNL – specimen pre-cracking, tritium charging & testing.

HAZ Cracking After Long-Term 
Exposure of Test Reservoir



Hydrogen Effects on Additive Manufactured Stainless Steel  

Flexible Exhaust 
Ducts 

Water 
Bath

Specimens Exposed to 
Hydrogen Gas at 350C and 17 

Mpa and Tested in 3-Pt Bending

Hydrogen Effect on Toughness Properties



Characterization Techniques – TEM Used for Revealing Helium Bubbles

Nanometer sized bubbles randomly
distributed and clustered on defects

TEM Discs Cut,  
Punched, and 

Thinned From Near 
Fracture Region



Decay Helium Bubbles Difficult to Resolve in Forged Steels

Helium Bubbles Resolved in Austenite 
of Weldment But Not in Ferrite

Deformation Twinning in Tritium-
Aged Forged Steel

Helium Bubbles Not Resolved
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Small Angle Neutron Scattering 
(Dale Hitchcock, Tim Krentz, & Ken Imrich)

• Small angel neutron scattering 
(SANS) is being used to probe 
tritium exposed steels.

• The purpose is to learn as 
much as possible about decay 
helium bubble size, spacing 
and distribution.

• Complement TEM 
observations for forged 
microstructure since 
nanometer-sized bubbles are 
not easily be resolved. 

Neutron scattering measurements were performed on tritium 
exposed stainless steel samples on beamline CG-2 at the High Flux 

Isotope Reactor (HFIR) at Oak Ridge National Lab (ORNL). 



0 Small Angle Neutron Scattering

Samples Charging Age
304L/308 filled steel weldment T2 17-year
high energy rate forged 304L 
steel

T2 3-year

304L/308 filled steel weldment H2 (5000 psi) N/A
304L/308 filled steel weldment H2 (10000 

psi)
N/A

304L/308 filled steel weldment Uncharged N/A
high energy rate forged 304L 
steel

uncharged N/A

Neutron scattering measurements were performed on tritium exposed 
stainless steel samples on beamline CG-2 at the High Flux Isotope Reactor 
(HFIR) at Oak Ridge National Lab (ORNL). 

Small angle neutron scattering (SANS) measurements were performed to 
elucidate the nature of Helium bubble formation in the matrix, and small angle 
incoherent neutron scattering (SAINS) measurements were performed to 
measure the hydrogen content in the samples. 

T2 exposed
Clean

D
ata R

eduction



1

Tritium charged weld – fit 
with hard sphere model (Rg
(ave. bubble size) =2.3nm, 
bubble pressures ~ 3GPa)

Hydrogen charged weld – fit with 
Gunier-Porod model (incoherent 
background 1 order of magnitude 
higher than tritium – matches decay 
+ T vs H cross sections)

Small Angle Neutron Scattering
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Modeling for Simulation and Prediction 
(P. S. Lam and U of Mich)

Can models be built using existing data and/or short-term tests that 
predict performance after many years in tritium service?
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• Fracture mechanics properties of stainless steels are being measured 
after hydrogen and tritium exposures.

• Included are new fracture toughness results after 18 years of aging.
• Type 21-6-9 steels and weldments showed complete brittle fracture and 

greatly reduced toughness values to just 2-5% of the original values.
• Results and program plans are transmitted to design agencies in annual 

technical reports.
• Programs are underway to measure toughness in actual reservoir 

forgings, weldments and HAZs, as well as Additive Manufactured alloys.
• New characterization techniques are being explored and fracture models 

developed to gain better understanding and predictive capabilities for 
hydrogen and helium embrittlement.

Summary and Conclusions
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