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Charpy and Toughness Results —Mean Values

-320F Charpy, lateral | -320F KJlc, ksi-452F KJlc, ks

|dentity FN expansion, in*10 sqrt(in) sqrt(in)
316L Weld, W] 3.5 42 266.7 178.6
316L Weld, Wi 5 36 260.6 147.1
316L Plate, P] 1.2 90 390.6 227.8
316L Plate, P’ 0 224.9

not

304L Plate, Pitested yet 78
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Toughness versus Temperature

Fracture Toughness, Klic, ksi-sqrt(in)

Fracture Toughness versus Temperature--316L Plate
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Fracture Toughness versus Temperature--316L Welds
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Fracture Toughness, Klic, ksi-sqrt(in)
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KJloversus Temperature is shown. Two plates and two welds only.
Plates are on the left, and welds are on the right.
KJladecreases in both cases for a decrease in temperatlires decrease is more pronounced for

the plate material.
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Toughness versus Charpy Lateral Expansion

Toughness versus Charpy Lateral Expansion

316L Welds
® | ® w1 ER316L
FN <3.5
W2, ER316L
FM =5
r
Y
] 20 40 60 80 100
® -320F
A -452F Charpy Lateral Expansion, inches x 1000

A correlation may exist between Charpy lateral expansion and -452F toughness in 316L
welds. Insufficient data is available.
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Kllc, ksi-sgrt(in)
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Toughness versus Ferrite Number

Toughness versus Ferrite Number Plate Only Toughness versus Ferrite Number Welds Only
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S 250 'y
A A <2
200
P2
N
Lot 850087 150
FN=0 W1, ER316L =
100 Lots 35050 or W2, ER316L
19913 Lot 1S-8697
50 FN < 3.5 FN <5
0
0 1 2 3 4 5 6 0 1 2 3 4 5
Ferrite Number Ferrite Number
@ KlIc -320F A Kllc -452F @ Klic -320F A Klic -452F

Toughness, KJlc of plates (left) and welds (right) are shown.
Toughness at -452F is clearly below toughness at -320F in all cases.

Toughness measures do not necessarily diminish monotonically when FN increases as can
be seen in both figures. The variability of toughness can be large and may overcome this
conclusion.
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Critical Crack Size

$ TPLQLPXP IUDFWXUH WRXJKQHVV:- ZDV FDOFXODWHG XVLQJ
(based on 95% confidence of 99% survival if 10 data points were available —only 2 are).

The following minimum fracture toughness values were used to estimate critical crack size:

o Plate: 151.5 ksi-sqgrt(in)
o Weld: 31.8 ksi-sqrt(in)

Using design pressure, the minimum weld fracture toughness, the maximum longitudinal stress
in each case, and using the CGA pipe sizes:

o The critical flaw size was estimated at 1.09 inches (two sided flaw). This is consistent
across all of the CGA pipe sizes, and a surface flaw will grow to a leak-before-break
condition (K < Kcritical using NASGRO, see backup slides).

If the operating pressures are used instead, with the minimum weld fracture toughness, the
maximum longitudinal stress in each case, and using the CGA pipe sizes:

The smallest critical initial crack size was 3.26 inches (two sided flaw).

The results used for this analysis used the 316L properties, but a survey of the CGA pipes in
use indicated that all were 304 stainless.

Validating an Aging, Non-compliant Product 14



Test Significance

1. The 316L stainless steel material appears to be very tough, relative to the design
pressures, with minimum results (mean minus 8.12 sigma) producing a flaw that is leak-

before-burst, and that only becomes critical when the flaw reaches 1.09 inches.

This analysis lacks in statistical significance, although the numbers were chosen in a conservative

manner.

2. Fracture toughness at -452F appears to correlate with Charpy impact testing at -320F,
but little data is currently available.

3. Fracture toughness at -452F may correlate with fracture toughness at -320F, but little
data is currently available.

4, Fracture toughness at -452F may correlate inversely with ferrite number, but little data is

currently available.

5. Reducing the allowable stress would increase the critical flaw size.
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Additional Testing Recommended

Four 304L samples comprising a mix of 304L parent plate and welds might be considered,

with welded versus plate TBD.
This will provide more fully developed information in the predominantly used material, 304L.

If the 304L results follow the pattern of 316L then a combination or comparison of results

may be useful.

This work could probably be completed in FY19 depending on availability of funds.

CGA sample systems were all 304 or 304L stainless steel, but at relatively low stresses,

and first phase of testing used 316L to maximize probability of successful results.



Project Cost to Date

Fund Funds

Source |Allocated |Expenditures Total Cost
Sample prep and testing (Marshall Space Flight

ASME $40,000 |Center and Westmoreland Labs) $36,210
Sample prep and testing (Marshall Space Flight
Center and Westmoreland Labs) $133,714

NASA $177,473 |Material and welding (Glenn Research Center) $9,500
Test planning and analysis (Marshall Space Flight
Center) $16,800
NASA TOTAL $160,014

Toughness Testing of Austenitic Stainless Steel for -452F Operation
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The following identifies a typical round of testing proposed.

Testing Detalls

Quantity Test Type Env. | Temp (F)
1 Ferrite Number n/a n/a
2 Tensile LHe -452
) Fracture JIC LHe -452
3 Tensile LN2 -320
5 Instrumented Charpy LN2 -320
5 Fracture JIC LN2 -320
1 Tensile Spare n/a n/a
1 Fracture Spare n/a n/a




Funding Needs

Cost to ASME for the proposed additional testing for specimen preparation and testing
would be about $145,000, based on costs from earlier efforts (this would lead to a total
expenditure by ASME of about $181,000).

Cost to NASA for the proposed additional testing for welding, administration, analysis,
and reporting would be about $25,000, (this would lead to a total expenditure by NASA of
$182,000).
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Estimated Minimum Fracture Toughness

Estimated
-320F Charpy, laterg -320F KJlc| -452FKJl¢
Identity FN expansion, in*1@ | ksisqrt(in) | ksi-sqrt(in)
316L Weld, W1 3.5 <0 158.7 =0
316L Weld, W2 5 3.5 135.6 31.8
316L Plate, P1, 1.2 57.5 144.6 151.5
316L Plate, P2 0
304L Plate, P3 59.3

Minimum fracture toughness was estimated by using the mean in each case and
subtracting a factor 8.12 times the standard deviation (95% confidence of 99% survival,
with 10 data points). The results are summarized, above.

Validating an Aging, Non-compliant Product



NASGRO Run to Consider LBB

Design Stress SC05

internal or external crack

THRESHOLD CRACK SIZE DETERMINATION

DATE: 15-Aug-18 TIME: 12:50:19.55

NASGRO(R) Version 8.20 (DLL), January 2017

Final Version

Copyright(c) 2017 Southwest Research
Institute(R).

All Rights Reserved.

U.S. customary units [in, in/cycle, kips, ksi, ksi
sqrt(in)] SOLUTION THROUGH SIF CHECK:

MODEL: SC05 K(a)<Kcr in the region [amin,99%amax].
CCS does not exist in the region by SIF check.

Crack Type = INTERNAL

CCS determined by SIF: a > 1.3167E-01 (99%amax).
Cylinder Thickness, t= 0.1330

Outer Diameter, D= 1.3150
Poissons Ratio, nu= 0.3300 SOLUTION THROUGH NSY CHECK:

Crack Aspect Ratio: a/c = 0.8000 Sn(a)<Scr in the region [amin,99%amax].
CCS does not exist in the region by NSY check.

Critical Material Properties:

Fracture Toughness, Kcr = 31.8000 CCS determined by NSY: a > 1.3167E-01 (99%amax).
Yield (or Flow) Stress, Scr = 113.3000

FINAL SOLUTION:
Applied Stresses:

SO0 = 20.0000 Design Stress Critical crack size: a > 1.3167E-01 (99%amax).
S1 = 0.0000 CCS determination is based on both Kmax and NSY.
Valid Range of Crack Size: Note: Crack depth + Yield zone exceeds or equals thickness.
The maximum allowed crack size, amax =
1.3300E-01
The minimum allowed crack size, amin = This version of NASGRO(R) is limited to official NASA, ESA, and
1.3301E-05 FAA business only.

All other uses prohibited.
Iteration Method: Regula Falsi Method

(EPS=0.1%)
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NASGRO Run
Design Stress

THRESHOLD CRACK SIZE DETERMINATION

DATE: 17-Aug-18 TIME: 12:58:53.92
NASGRO(R) Version 8.20 (DLL), January 2017
Final Version

Copyright(c) 2017 Southwest Research Institute(R).
All Rights Reserved.

U.S. customary units [in, in/cycle, kips, ksi, ksi sqrt(in)]
MODEL: TCO7

Thickness, t= 0.1330
Outer Diameter, D = 1.3150

Critical Material Properties:
Fracture Toughness, Kcr = 31.8000
Yield (or Flow) Stress, Scr = 113.3000

Applied Stresses:
SO0 = 10.0000 Design Stress

Valid Range of Crack Size:
The maximum allowed crack size, cmax = 2.8036E+00
The minimum allowed crack size, cmin = 0.0000E+00

Iteration Method: Regula Falsi Method (EPS=0.1%)

SOLUTION THROUGH SIF CHECK:

Iteration table within root bracket [2.7756E-01,5.5512E-01]:
[ c(i) K(i) [K(i)-Kcr]/Ker

0 5.5512E-01 3.2435E+01 2.00%
1 54504E-01 3.1723E+01 -0.24%
2 54612E-01 3.1800E+01 --.00%

CCS determined by SIF: ¢ = 5.4612E-01

SOLUTION THROUGH NSY CHECK:

Sn(c)<Scr in the region [cmin,99%cmax].
CCS does not exist in the region by NSY check.

CCS determined by NSY: ¢ > 2.7756E+00 (99%cmax).

FINAL SOLUTION:

Critical crack size (CCS):

c =5.4612E-01

CCS determination is based on both K and NSY.
CCS is controlled by stress intensity factor.

So=pRIt
CI'\ES']U

R=meanradius =(D -1 /2

2c =1.09 inches

This version of NASGRO(R) is limited to official NASA, ESA, and FAA

business only.
All other uses prohibited.
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NASGRO Run to Consider LBB SCo4
Worst Case Operating Pressure

S0( X) = stresses due to internal pressure, p

Si( X} = other stresses

THRESHOLD CRACK SIZE DETERMINATION L SiX) 1=1,2.3
X=xit

DATE: 17-Aug-18 TIME: 13:05:04.30 tfrom inner surface)

NASGRO(R) Version 8.20 (DLL), January 2017 00X =10

Final Version 01 < ale < 12

Copyright(c) 2017 Southwest Research Institute(R).

All Rights Reserved. mﬁm

U.S. customary units [in, in/cycle, kips, ksi, ksi sqgrt(in)]
MODEL: SC04

Cylinder Thickness, t= 0.1330

Outer Diameter, D 1.3150 SOLUTION THROUGH SIF CHECK:

K(a)<Kcr in the region [amin,99%amax].

Crack Type = INTERNAL CCS does not exist in the region by SIF check.

Crack Aspect Ratio: a/c = 1.0000 CCS determined by SIF: a > 1.3167E-01 (99%amax).

Critical Material Properties:

Fracture Toughness, Kcr = 31.8000 )
Yield (or Flow) Stress, Scr = 113.3000 SOLUTION THROUGH NSY CHECK:

Sn(a)<Scr in the region [amin,99%amax].

Applied Stresses: CCS does not exist in the region by NSY check.

SO = 5.0700 Operating Stress

. ) i 0
Valid Range of Crack Size: CCS determined by NSY: a > 1.3167E-01 (99%amax).

The maximum allowed crack size, amax = 1.3300E-01
The minimum allowed crack size, amin = 0.0000E+00 FINAL SOLUTION:

Iteration Method: Regula Falsi Method (EPS=0.1%) Critical crack size: a > 1.3167E-01 (99%amax).

CCS determination is based on both Kmax and NSY.

This version of NASGRO(R) is limited to official NASA, ESA, and FAA business
only.
All other uses prohibited.
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NASGRO Run

Worst Case Operating Pressure

THRESHOLD CRACK SIZE DETERMINATION

DATE: 21-Aug-18 TIME: 07:03:33.43
NASGRO(R) Version 8.20 (DLL), January 2017
Final Version

Copyright(c) 2017 Southwest Research Institute(R).
All Rights Reserved.

U.S. customary units [in, in/cycle, kips, ksi, ksi sqrt(in)]
MODEL: TC0O7

Thickness, t= 0.1330
Outer Diameter, D = 1.3150

Critical Material Properties:
Fracture Toughness, Kcr = 31.8000
Yield (or Flow) Stress, Scr = 113.3000

Applied Stresses:
S0 = 25350 Operating Stress

Valid Range of Crack Size:
The maximum allowed crack size, cmax = 2.8036E+00
The minimum allowed crack size, cmin = 0.0000E+00

Iteration Method: Regula Falsi Method (EPS=0.1%)

So=pRIt
CI'\ES']U

R=meanradius =(D -1 /2

SOLUTION THROUGH SIF CHECK:
Iteration table within root bracket [1.3878E+00,1.6654E+00]:
i c(i) K(i) [K(i)-Ker)/Ker
0 1.6654E+00 3.2607E+01 2.54%
1 1.6312E+00 3.1797E+01 -0.01%

CCS determined by SIF: ¢ = 1.6312E+00

SOLUTION THROUGH NSY CHECK:

Sn(c)<Scr in the region [cmin,99%cmax].
CCS does not exist in the region by NSY check.

CCS determined by NSY: ¢ > 2.7756E+00 (99%cmax).

FINAL SOLUTION:

Critical crack size (CCS):

¢ = 1.6312E+00 2c = 3.26 inches
CCS determination is based on both K and NSY.
CCS is controlled by stress intensity factor.

This version of NASGRO(R) is limited to official NASA, ESA, and FAA business only.
All other uses prohibited.
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