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PREFACE

This report describes an investigation of stress corrosion cracking in
metal tank materials performed by The Boeing Company from July 1968 to
May 1971 under Contract NAS 3-12003. The work was administered by

Mr. Gordon T. Smith of the NASA Lewis Research Center.

Boeing personnel who participated in the investigation include J. N. Masters,
project leader; L. R. Hall, principal investigator; R, W. Finger, research
engineer. Program support was provided by A. A. Ottlyk, non-hazardous
environment testing; H. M. Olden, C. C. Mahnken and G. E. Vermilion, hazard-
ous environment testing; L. Albertin, titanium welding; C. W. Bosworth,
aluminum welding; E. C. Roberts, metallurgical support; and D. G. Good,

technical illustrations and art work.

The information contained in this report is also released as Boeing

Document 5180-15018-1.
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SYMBOLS AND ACRONYMS
Opening mode stress intensity factor

Fracture toughness obtained from tests of surface flawed

specimens

Threshold stress intensity factor below which stress corrosion

cracking does not occur

Critical stress intensity factor at which unstable crack propa-

gation initiates

Crack depth of semi-elliptical surface flaw; crack length in
double cantilever beam specimen; one-half crack length in center
cracked specimen

Value of 'a' at beginning of test

Experimentally determined crack length increment added to actual
crack length in double cantilever beam specimens to account for
the effect of arm rotation on. compliance

Value of 'a' at termination of test

Specimen width for double cantilever beam specimens-

Crack width in double cantilever beam specimen

Crack length at specimen face for semi-elliptical surface flaw
Young's modulus

One half specimen depth of double cantilever beam specimen

Moment of inertia of double cantileverrﬁeam specimen arm = bh3/12
\\
Load applied to test specimen k
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SYMBOLS AND ACRONYMS (Con't.)

Complete elliptical integral of the second kind corresponding
to the modulus k = [(c2 - az) /cz] 1/2

Uniform tensile stress acting perpendicular to plane of crack
Uniaxial tensile yield stress

o2 - 0.212 <o/oys)2

Gage area thickness of test specimen

Gage ared width of test specimen

Poisson's ratio

Scalar factor depending on a/t and a/2c used to account for

effect of stress free back specimen surface on stress intensity

factor for surface flaws

Stress corrosion cracking

Crack propagation directions (See Figure 2-16)

Surface flaw
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vii



* R - .o

2-9

2-10

2-11

2-12

2-13

2-14

2-15

LIST OF FIGURES

Mechanical Properties for 2219-T87 Aluminum-One Inch
(2.54 cm) Thick Plate

Mechanical Properties for 5A1~2.5 Sn (ELI) Titanium-0.35
Inch (0.89 cm) Thick Plate

Fracture Toughness Data for 1.0 Inch (2.54 em) Thick
2219-T87 Aluminum Alloy Plate

Fracture Toughness Data for Alloys Used in SCC Tests

Pressure Cups Used to Detect Crack Breakthrough in
Surface Flawed Specimens

Method of Loading DCB Specimens
Shape Parameter Curves for Surface and Internal Flaws

Results of Stress Corrosion Cracking Tests for Ti-5A1-2.5 Sn
(ELI) 0.35-Inch (0.89 cm) Thick Plate (Excluding Nitrogen,
Helium and Hydrogen Tests)

Results of Stress Corrosion Cracking Tests for 5A1-2.5 Sn (ELI)
Titanium 0.35 Inch (0.89 cm) Thick Plate (Nitrogen, Helium,
Hydrogen Tests)

Results of Stress Corrosion Cracking Tests for 5A1-2.5 Sn
(ELI) Titanium 0.35 Inch (0.89 cm) Thick GTA Weld Centerlines
(Excluding Hydrogen and Helium Tests)

Results of Stress Corrosion Cracking Tests for 5A1-2.5 Sn
(ELI) Titanium 0.35 Inch (0.89 cm) Thick GTA Weld Centerlines
(Hydrogen and Helium Tests)

Results of Stress Corrosion Cracking Tests for 2219-T87
Aluminum One Inch (2.54 cm) Thick Plate (Excluding
Hazardous Environment Tests)

Results of Stress Corrosion Cracking Tests for 2219-T87
Aluminum One Inch (2.54 cm) Thick Plate (Hazardous
Environment Tests)

Results of Stress Corrosion Cracking Tesf for 2219 Aluminum
As-Welded GTA One Inch (2.54 cm) Thick Weld Centerlines
(Excluding Hazardous Environment Tests)

Results of Stress Corrosion Cracking Tests for 2219 Aluminum

As-Welded GTA One Inch (2.54 cm) Thick Weld Centerlines
(Hazardous Environment Tests)

viii

62

63

64

65

66

68

69

71

72

73

74

8 S T




et

LIST OF FIGURES (Cont'd)

No. Title Page 1
2-16 Nomenclature for Denoting Crack Propagation Directions in 75 E

Plate Material and Weld Centerlines i

2-17 Summary of SCC Crack Growth Observed in Tests of 0.35 Inch 76 i
(0.89 cm) Thick 5A1-2.5 Sn (ELI) Tltanlum Plate Material
and GTA Weld Centerlines

N

2-18 Fracture Surfaces of 5A1-2.5 Sn (ELI) Titanium Alloy Specimens 77 22
2-19 Effect of Temperature and Volume Percentage of Water on Time 78 ﬁ
to Failure for Smooth Titanium Foil Specimens (Ref. 10) %
2-20 Schematic Representation of the Relationship Between 79 ﬁ
Incubation Period, Crack Growth, and Time to Failure for #

ey

#

Environmentally Induced Crack Growth

2~-21 Generalized Velocity Versus Stress Intensity Relationship 80
for Stress Corrosion Cracking ‘

2<22 Effect of Specimen Thickness on SCC Susceptability of 81
Ti-8A1-1Mo~1V (DA) and Ti-6A1~4V (MA) in 3.5% NaCl Solution
(Ref. 15)
2-23 Results of SF Specimen Thickness Effect Tests 82
2-24 Surface Crack Depth Growth During Load-Unload and Sustained 83

Load Tests in Air and Argon

2-25 Fracture Surfaces of 2219-T87 Aluminum Alloy DCB Specimens. 84
Specimens $-2 and S-4 were Tested in Salt Water. Specimen 55
was Loaded then Immediately Unloaded in Air

2-26 Fracture Surfaces of 2219 Aluminum Alloy Weld Metal DCB 85
Specimens Tested in Salt Water Showing Typical Nonuniform
Initial Fatigue Cracks and Traces of Apparent SCC

2-27 Surface Flaw Depth Growth Observed During Tests of One Inch 86
(2.54 cm) Thick 2219 GTA Weld Centerlines

2-28 Fracture Surfaces of 2219 Aluminum As-Welded SF Specimens 87
" Illustrating Crack Grewth Due to Load-Unload Profile in Air
and Sustained Load Profile in Salt Water

2-29 Fracture Surfaces of 2219-T87 Aluminum Alloy Base Metal 88
Surface Flawed Specimens Showing Traces of Apparent SCC

2-30 Crack Growth During Rlslng Loads for 2219 As-Welded GTA 89
Weld Centerline

Ix




- . - . -

»

- e SRR e N, e R oe

No.

2-31

2-32

2-33

Bl

B2

B3

cl

c2

c3

LIST OF FIGURES (Cont'd)
Title

Effect of Outdoor Exposure and Stress Intensity on Stress-
Corrosion Crack Velocity of Several High~-Strength Aluminum
Alloys (Ref. 16)

Typical V-K Curves for Some 2000-Series Alloys Obtained
Using TR DCB Stress—Corrosion Specimens (Ref. 16)

Correlation of Solution Potential with Stress—~Corrosion
Performance of 2219-T87 Alloy Plate. 1In the Upper Plot, the
Small Numbers Inside Circles Indicate the Number of
Specimens Tested (Ref. 17)

Mechanical Properties for Materials Used in Compatibility
Studies Pertient to High Energy Upper Stage Propulsion
Systems ’

Pressure Cup Instrumentation Used for Detecting Surface Crack
Penetration of Specimen Thickness

Example of Test Record Obtained from Instrumentation Shown
in Figure 3-2 During Static Fracture Test of Surface Flawed

Specimen

Loading Train and Cryostat for Upper Stage Material/
Environment Combinaticn Tests

System Used for Testing Upper Stage Material/Environment
Combinations in Methane

System Used for Testing Upper Stage Material/Environment
Combinations in Fluorine and Flox

Results of ~320F (78K) Proof Overload Tests for Aluminum and
Titanium Alloy SF Specimens

DCB Specimen and Instrumentation for Compliance Tests

"Deflection Measurements Between Outer Surfaces of DCB

Specimen Arms

Fracture Surfaces for 2219-T87 Aluminum DCB Specimens Used
to Evaluate Effect of Groove Shape on Curvature of Fatigue
Crack Front

Surface Flawed Specimen for Aluminum Base Metal

Surface Flawed Specimen for Aluminum Weld Metal

Surface Flawed Specimen for Titanium Base Metal @ Room
Temperature

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

ST

0
ettt 1

R L BN i

i
4
i




No.

c4

c5

cé

c7
C8
c9
Cc10
Cll1

Cl12

LIST OF FIGURES (Cont'd)
Title

Surface Flawed Specimens for Titanium Weld Metal @ Room
Temperature

Surface Flawed Specimen for Titanium Base Metal & Weld Metal
@ -320F (78K)

Surface Flawed Specimen for Titanium Rise Metal & Weld Metal
@ -423F (20K)

Titanium Base Metal Variable Thickness Test Specimens
DCB Speciren Configurations

5A1-2.5 Sn (EL1) Weld Metal Tensile Specimen

Tensile Specimens

Aluminum Sustained Load Surface Flawed Specimen

Titanium Sustaired Load Surface Flawed Specimen

xi

108

109
110
111
112
113

114

o i g gy




.,,
SEE S

N

g

LIST OF TABLES v
No. Title Page o
2=-1 Test Program for Evaluating Stress Corrosion Cracking 115 i
Resistance of 2219-T87 Aluminum Alloy Base and Weld Metal s
2-2 Test Program for Evaluating Stress Corrosion Cracking 116 ;
Resistance of 5A1~2.5 Sn (ELI) Titanium Alloy Base and Weld 4
Metal . g
2-3 Load-In-Environment Test Program for 2219-T87 Aluminum and 117 Ej
5A1-2.5 Sn (ELI) Titanium Base Metal DCB Specimens iy
2-4 Test Program for Evaluating Effect of Surface Flawed Specimen 118 iﬂ
Thickness on Stress Corrosion Cracking Susceptibility of 3
5A1-2.5 Sn (ELI) Titanium Alloy j
2-5 Chemical Compositions of Materials 119 $
'}
2-6 Mechanical Properties of Materials 120 t
2=7 Fracture Toughness Data for Materials Used in Evaluating 121
Stress Corrosion Cracking in 2219-T87 Aluminum and 5A1-2.5 Sn
(ELI) Titanium -
2-8 SCC Test Results for 5A1-2.5 Sn (ELI) Titanium Alloy Base 122
and Weld Metal ‘
2-9 Results of SF Specimen Thickness Effect Tests for RW 123
Direction of Ti-5A1-2.5 Sn (ELI) Plate in Liquid Methanol
at 72F
2-10 Results of Tests to Evaluate Surface Flaw Growth 124
Characteristics During Rising and Monitonic Loads
2-11 Results of Tests to Evaluate Surface Flaw Growth During 125
Rising Load at Cryogenic Temperatures
2-12 Surface Flaw Depth Growth Observed During Tests of 2219 126
Weld Centerlines ;
3-1 Test Program for Upper Stage Material/Environment 127
Combinations
3-2 Results of -320F Proof Overload Tests for 2219 Aluminum Alloy 128
Surface Flawed Specimens
3-3 Results of -320F Proof Overload Tests for Titanium Alloy 129
Surface Flawed Specimens ' .
3-4 Results of Sustained Load Tests of Upper Stage Material/ 130
Environment Combinations
&

xii




LIST OF TABLES (Cont'd)

for Nonhazardous Environments

No. Page ¥
Al 2219-T87 Aluminum Base Metal Stress Corrosion Data 131 E

A2 2219-T87 Aluminum Base Metal Stress Corrosion Data 143 ,{
for Hydrogen and Oxygen 5,

A3 2219-787 Aluminum Base Metal Stress Corrosion Data 135 o
for Fluorine, Flox, and OF, V

A4 2219 Aluminum Weld Metal Stress Corrosion Data 137
for Nonhazardous Environments

W

A5 2219 Aluminum Weld Metal Stress Corrosion Data 139
Hydrogen and Oxygen :

e

RN

o T et s, 025 . @, 20

A6 2219 Aluminum Weld Metal Stress Corrosion Data for 141
Fluorine, Flox and OF2

A7a 5A1-2.5Sn (ELI) Titanium Base Metal Stress Corrosion 143
Data for Nonhazardous Environments .

A7b 5A1-2.55n (ELI) Titanium Base Metal Stress Corrosion 145
Data for Nonhazardous Environments (Cont.)

AB 541-2.5Sn (ELI) Titanium Base Metal Stress Corrosion 147
Data for Hydrogen and Helium

A9a 5A1-2.5Sn (ELI) Titanium Weld Metal Stress Corrosion 149
Data for Nonhazardous Environments

A9b 5A1-2.5Sn (ELI) Titanium Weld Metal Stress Corrosion 151
Data for Nonhazardous Enviromments (Cont.)

Al0 5A1-2,.5Sn (ELI) Titanium Weld Metal Stress Corrosion 153
Data for Hydrogen and Helium

All 2219-T87 Aluminum Base Metal Stress Corrosion Data 155
for Nonhazardous Fluids Loaded in Environment

Al2 5A1-2.58n (ELI) Titanium Base Metal Stress Corrosion 157
Data Nonhazardous Fluids Loaded in Environment
Bl Compliance Data for 2219 Aluminum DCB Specimens 159

B2 Compliance Data for 5A1-2.55n (ELI) Titanium 0.375-Inch 160
Thick DCB Specimens

xiii




lo‘.
B3

B4

Ccl

LIST OF TABLES (Cont'd)

Compliance Data for 5A1-2.5Sn (ELI) Titanium 0.350-Inch
Thick DCB Specimens

Comparison of Micrometer and C.ip Gage Displacement
Measurements for Aluminum Base Metal DCB Specimens

Summary of Test Specimens

xiv

162




g

v

1

SUMMARY %

o WL;-«&%»«

Jtes B

This experimental program is one in a series of programs undertaken to

SR SRR

develop and refine methods for estimating minimum performance capabilities

of metallic pressure vessels with emphasis being placed on aerospace
applications. The resulting methods reflect the knowledge that crack-like
defects in new structure can grow under the influence of loads and environ-
ment to a size sufficiently large to initiate failure, and are based on

fracture strength and subcritical crack growth dara from tests of pre-cracked o

specimens. Previous programs were devoted to studies of fatigue and sus-
tained load subcritical c¢rack growth in the environments of ambient air,
liquid nitorgen, and liquid hydrogen. This program was directed to a study

of stress corrosion cracking (SCC) in metallic alloys. Results were

evaluated using modified linear elastic fracture mechanics parameters so

that effects of SCC can be properly accounted for in estimates of minimum
performance capabilities of metallic pressure vessels. The experimental {

work was divided into two parts,

The first part of this program was undertaken to evaluate SCC in both parent
and weld metal 2219-T87 aluminum and 5A1-2.5 Sn (ELI) titanium alloys. Each
alloy was tested in environments encountered during the fabrication and
operation of aerospace pressure vessels including cleaners, dye penetraﬁts,
fuels, oxidizers, and pressurizing gases. Both uniform height double
cantilever beam and surface flawed specimens were tested in most environments.
The 5A1-2.5 Sn (ELI)vtitanium alloy was susceptible to SCC in a nuﬁber'of‘
environments. The susceptibility was found to depend on crack propagatioﬁ
direction and loading procedure; the RW direction was 1esstsusceptible than
the WR direction and specimens lba&ed in air prior to being placed in the
test environment were less susceptible than were specimens-that were loaded
while the crack was exposed to the test environment. For the 2219-T87
aluminum alloy, test durations were not sufficiently long to allow strong
indications of either the presence or lack of SCC to develop. kHoWever,

some evidence of SCC was noticed in 3-1/2 percent Na Cl sdlution, trichloro-
ethylene, and dye penétrant. There also was evidence that SCC can be more
pronounced in surface flawed than in equalkthickness through-the-thickness

cracked speciments.
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The second part of this program was a compatibility study for material/

environment combinations suitable for high energy upper stage propulsion

systems. Material/environment combinations tested included: 2219-T187

.aluminum alloy in both liquid and gaseous fluorine, fluorine-oxygen mixture,
and methane; 2219-T6E46 aluminum alloy in liquid and gaseous fluorine and
fluorine~oxygen mixture; and titanium alloys 5A1-2.5 Sn (ELI), 6Al1-4V
annealed and 6A1-4V STA in both liquid and gaseous methane. All tests were

conducted using surface flawed specimens having thicknesses representative

of minimum gage fuel and oxidizer tanks. No evidence of SCC could be

detected in any of the material/environment combinations with a SCC velocity

detection sensitivity of 10”5 in/hr (7 = 10—8 cm/sec).
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1.0 INTRODUCTION

Stress corrosion cracking (SCC) has been a contributing factor in numerous
failures of aerospace structures. As a result, considerable effort is being
directed to chafacterization of SCC in metallic alloys. Most investigations
have used macroscopic experimental observations to investigate the phenom-
enology of SCC. Such observations have shown that SCC behavior can be
related to the stress intensity factor that is defined by modified linear

elastic fracture mechanics theory.

Pressure vessel Jdesign methods have been developed (1)* for assuring that
crack-like defects will not grow sufficiently to initiate failure during the
operational life of pressure vessels. Present design methods are most
effective when applied to pressure vessels in which critical flaw sizes at
proof stress levels are less than the thickness of the vessel wall. The
methods become decreasiagly rffective as fracture toughness increases and/or
thickness decreases. The approach is based on interpretation of results of
a successful proof test combined with suberitical érack growth data obtained
from tests of precracked laboratory specimens. Test data are correlated

and related to full size structure behavior using modified linear elastic

fracture mechanics parameters.

This program was initially directed to.a study of SCC in metallic alloys

with the intent of evaluating the results using linear elastic fracture
mechanics parameters. By doing so, it was intended to establish methods
whereby SCC could be properly accounted for in estimates of minimum pos-
sible pressure vessel lives within the framework of Reference 1. The prograﬁ
was later expanded to include long duration tests of material/environment

comhinations suitable for high energy upper stage propuleion systems.

* Numbers in parenthesis refer to references at end of report.
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This experimental program had two objectives. The first objective was to
evaluate the combined effects of load and environment on SCC susceptibility
of 2219-T87 aluminum and 5A1-2.5 Sn (ELI) titanium alloy base and weld metal.
Each alloy was tested in environments encountered during fabrication and
operatibn of pressure vessels in spacecraft and booster systems including
cleaners, dye penetrants, fuels, oxidizers and pressurizing gases. Both
uniform height double cantilever beam and surface—-flawed specimens were
tested under invariant loadings to determine ranges of threshold stress
intensity values over which SCC would not be exprcted to cause significant

crack growth.

The second objective was to study compatibility of material/environment
combinations suitable for high energy upper stage propulsion systems.
Material/environment combinations tested included: 2219-T87 aluminum alloy
in both liquid and gaseous fluorine, fluorine/oxygen mixture, and methane;
2219-T6E46 aluminum alloy in liquid and gaseous fluorine and fluorine/oxygen
mixture; and titanium alloys 5A1-2.5 Sn (ELI), 6Al-4V and 6A1-4V STA in both
liquid and gaseous methane. All tests were conducted using surface-flawed
specimens having thicknesses representative of minimum gzze fuel and oxi-

dizer tanks. Test durations ranged from 10 to 500 hours.

This experimental program is the fifth in a series of programs (2, 3, 4, 5)

designed to provide methods and data for fracture control in metallic

pressure vessels, Two initial programs (2, 3) defined methods for predicting

minimum pressure vessel fatigue performance capabilities using tests of

2219-T87 aluminum, 2014-T62 aluminum, 5A1-2.5 Sn (ELI) ‘titanium and 6A1-4V (ELI)

titanium alloy surface-flawed specimens. The ensuing programs (4, 5) defined

sustained load flaw grthh characteristices of 2219-T87 aluminum and 5A1-2.5
Snv(ELI) titanium alloys in air, liquid nitrogen, and liquid hydrogen, and

the effects of combined bendiﬂg and tension stresses, weld-induced residual

stresses, and stress fields adjacent to circular holes on fracture and fatigue

growth of partially embedded flaws.

A
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The remainder of this report is organized in two separate sections, Each
section describes materials and'procedures and presents results, discussions,
and conclusions relating to a single phase of the program. Section 2
describes the investigation of stress corrosion cracking in 2219-T87

aluminum and 5A1-2.5 Sn (ELI) titanium alloys. Section 3 covers compatibility
studies of material/environment combinations pertinent to high energy upper

stage propulsion systems.
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* 2.0 INVESTIGATION OF STRESS CORROSION CRACKING IN 2219-T87
ALUMINUM AND 5A1-2.5Sn(ELI) TITANIUM ALLOYS

¢
The tests described in this section were undertaken to evaluate the combined
effects of load and environment on stress corrosion cracking (SCC) sus-
ceptibility of 2219-T87 aluminum and 5A41-2.5Sn(ELI) titanium alloy base and
weld metals. The test program for each alloy is summarized in Tables 2-1,
2-2 and 2-3., Each alloy was tested in environments encountered during the
fabrication and operation of pressure vessels in spacecraft and booster
systems including cleaners, dve penetrants, fuels, oxidizers, and pres-
surizing gases. Both double cantilever beam (DCB) and surface flawed {(SF)
specimens were tested under invariant loads. The DCB specimen was tested
because of the resultant economy and comnvenience. Tue SF specimen was
tested because it is the best available model of a common failvrxe origin

i in aerospace pressure vessels and it was desired to compare results of the

SF specimen tests with the cheaper DCB specimen tests. Tests of SF speci-

. mens in room air, liquid nitrogen and liquid hydrogen were included to

allow a direct comparison between the alloy heats tested in this program

with those similarly tested in a previous program (4).

It was originally planned to test only the transverse direction for the
aluminum alloy and the longitudinal direction for the titanium alloy, and

to load all DCB specimens in air prior to exposing them to the test environ-
ment. During the performance of the tests outlined in Tables 2-1 and 2-2,
it was discovered that the transverse direction of the titanium alloy was
more susceptible to SCC than was the longitudinal diréction, and that the
procedure of loading DCB specimens in air inhibited subsequent SCC in other
environments. Accordingly, the supplemental tests outlined in Table 2-3
were added to the program. In the supplemental tests, both the longitudinal
and transverse directions were tested and all specimens were loaded in the

test environment.
" The effect of SF specimen thickness on SCC susceptibility of the 5A1-2.5Sn(ELI)

titanium alloy was investigated by conducting the tests summarized in Table 2-4.

PRECEDING PAGE BLANK NOT FILMED
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For each thickness (0.20, 0.10 and 0.05 inch or 0.51, 0.25 or 0.13 cm), three
tests were performed. One load-unload test was conducted in argon gas to

evaluate the effect on flaw growth of the loading ramp used to apply the sus-
tained loads. Two subsequent sustained load tests were conducted in methanol

to evaluate thickness effects on SCC susceptibility.
2,1 Materials

Both 2219~T87 aluminum and 5A1~2.58n(ELI) titanium alloys were tested. The
2219-T87 plate stock, 1.0 by 48.0 by 144.0 inches (2.5 x 121.9 x 365.8 cm),
was purchased from a single heat lot in the T87 condition per BMS 7-105C
(equivalent to MIL-A-8920 (ASG) specification). Specification limits on
chemical composition and mechanical properties measured at The Boeing Company
are listed in Tables 2-5 and 2-6, respectively. Mechanical properties are
plotted against temperature in Figure 2-1. The 5A1-2.5Sn(ELI) plate stock,
0.375 by 36.0 by 72.0 inches (0.95 by 91.4 by 182.9 cm), was purchased in
the mill annealed condition per MIL-T-9046E. The plates were reannealed in
an argon atmosphere within enclosed retorts using a 1550F (1117K), 8 hour,
retort cool treatment. The resulting mechanical properties measured at The
Boeing Company are listed in Table 2-6 and plotted against temperature in

Figure 2-2. Certified ingot composition is given in Table 2-5.

Both aluminum and titanium welds were prepared using the GTA process.
Aluminum welds were tested in the as-welded condition. Titanium welds were
stress relieved at 1250F (950K) for one hour in an inert atmosphere.
Mechanical properties determined at The Boeing Company for both aluminum and
titanium welds are listed in Table 2-6 and are plotted against temperature

in Figures 2-1 and 2-2, respectively.

Fracture toughness values for the aluminum and titanium alloy plate and
titanium welds are summarized in Table 2-7; data for the aluminum alloy
plate are plotted in Figure 2-3 and for the titanium alloy plate and welds
in Figure 2-4. None of the reported values were obtained per ASTM standards

(6) for plane strain fracture toughness tests. It has been shown (5),




however, that SF specimen fracture data agree with plane strain fracture
toughness data obtained from ASTM recommended tests for 2219-T87 aluminum
alloy plates at temperatures ranging from 72F (295K) to -423F (20X), and
for 5A1-2.5Sn(ELI) titanium alloy plate at -423F (20K). For 5A1-2.5Sn(ELI)
titanium alloy plate at -320F, SF specimen fracture toughness values were
found (5) to exceed plane strain fracture toughness values obtained in

accordance with the ASTM methods (6).

The plate material tested in this program was obtained from the same heats
and rolling batches as were materials tested in a companion program (5).
Since SF fracture toughness values had been previously established, only a
limited number of fracture toughness tests were conducted in this program.
Data from both sources are included in Table 2-7. Fracture toughness values
obtained from DCB specimen tests are less than those for SF specimens at
least partially because of the anisotropy of the parent plate. Appendix B
includes detailed descriptions of the DCB specimen tests.

2.2 Frocedures
2,2.1 Welding

All welds were prepared using the GTA welding process. Detailed weld set-

tings are included in Appendix C and general procedures are described below.

2219-T87 Aluminum Procedures - Weld panels, 1.0 by 24 by 48 inches (2.5 by
61.0 by 121.9 cm) for SF specimens and 1.0 by 8 by 48 inches (2.5 by 20.3 by

121.9 cm) for DCB specimens, were prepared by joining two identical panel

halves., The square butt faying edges were'wiﬁed clean with MEK, draw filed,
scraped, and wrapped with aluminum foil. Panéls were handled with lint free
glbves throughout the preweld and welding operations. Time delay between
weld preparation and welding was less than six hours. Panels were welded

in the vertical position with a three pass procedure including one con-
tinuous tack pass and one penetration pass from each side. No remelt or
repair passes were used. Radiographs showed that weld quality was

excellent.
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5A1-2.5Sn(ELI) Titanium Procedures -~ Weld panels, 0.35 by 12 by 36 inches
(0.89 by 30.5 by 91.4 cm) for SF specimens and 0.35 by 3.5 by 36 inches

(0.89 by 8.9 by 91.4 cm) for DCB specimens were prepared by joining two
identical panel halves. One edge of each panel half was machined straight
and parallel within % 0.005 inch (£ 0.013 cm) with a surface finish of

RMS 63 or better, providing a square butt joint configuration. The top
and bottom panel surfaces were scraped over a width of 0.5 inch (1.3 cm)
from the faying plane just prior to welding, and the mating surfaces were
wiped clean with MEK. Panels were welded in the downhand position in a
controlled atmosphere weld chamber. After the panel compoﬁents were aligned,
the chamber was sealed, evacuated to a pressure of 1 x 10_5 mm Hg, and
backfilled with welding grade argon gas to atmospheric pressure., Panels
were then welded using a two pass procedure, including one penetration
pass from each side. The first and second passes resulted in 100 and

90 percent penetration without any measurable underfill along the edges of

the weld bead. Radiographs showed that weld quality was excellent.
2.2.2 Specimen Preparation

Double cantilever beam (DCB), surface-flawed (SF), and mechanical property
specimens were used to accomplish program objectives. Specimen configu-

rations used for each series of tests are summarized in Appendix C.

Loading holes in all specimens were drilled and reamed using jigs in which
holes had been located to a tolerance of * 0.001 inch (+ 0.025 mm). Grips
were drilled using the same jigs in order to effect accurate fits between

specimen and grip.
The surfaces of all SF specimens were machined flat and parallel after
specimen blanks had been cut from plate stock or weld panels. Specimens

containing welds we: e machined just enough to clean up the weld.

Various side groove geometries were used for DCB specimens in order to

force the crack to grow in the original crack plane. Aluminum alloy base

10
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metal specimens were fabricated with semicircular shaped grooves having a
depth of 10 percent of the specimen thickness. All other specimens contained
Vee shaped side grooves having a root radius of 0.01 inch (0.025 em) and an
included angle of 60 degrees. Side groove depths were equal to 10 and 15
percent of the specimen thicknesses for the aluminum weld and titanium alloy
DCB specimens, respectively. Side groove geometries were selected on the
basis of results of an initial series of tests directed to an evaluation of
the effects of side grooves on crack growth in DCB specimens. Results of

these tests are included in Appendix B.

All surface flaws were prepared by growing fatigue cracks from starter slots.
Starter slots were produced using an electrical discharge machine and 0.06
inch (0.15 cm) thick circular electrodes; electrode tips were machined to

a radius of 0.003 inch (0.008 cm) and an included angle of less than 20
degrees. Fatigue cracks were grown at 72F (295K) in room air using tension-
tension fatigue cycles with an R value of 0.06, frequency of 1800 cpm (30
Hz), and peak stresses of 12 and 25 ksi (83 and 172 MN/mZ) for the aluminum

and titanium alloy specimens, respectively.

All DCB specimens were precracked by growing fatigue cracks from the ends of
starter slots. The tips of the 0.125 inch (0.317 cm) wide milled starter
slots were machined with an included angle of 60 degrees and a root radius of
0 903 inch (0.008 cm) using an electrical discharge machine. Fatigue cracks
were grown to a length of about 0,10 inch (0.25 cm) using peak cyclic loads
of 1500, 2000, and 2500 pounds (6672, 8896, and 11,120 N) for titanium,

aluminum weld, and alumizun base metal DCB specimens, respectively,

All specimens were cleaned after having been precracked. Aluminum alloy
specimens were vapor degreased and titanium alloy specimens were alkaline
cleaned. All cleaned specimens were handled with white gloves and sealed
in plastic bags until tested. Aluminum alloy specimens tested in fluorine
or FLOX were further cleaned immediately prior to testing using the pro-

cedure detailed in Appendix E.

11




2,2.3 Testing

Surface Flawed Specimens - All specimens were tested in tensile test machines

after the surface cracks had been flooded with the test medium and brought

to the correct temperature.

Test media were contained either in small sealed cups clamped to the spzci-
men over the c¢rack cavity, or in enclosed cryostats surrounding the entire

test specimen. All media except LNZ’ LHZ’ and GH, at -423F (20K) were

2
contained in cups. A typical cup and clamping bar is shown in Figure 2-5.
Teflen seals were used except in fluorine and FLOX where metal seals were
used. The remaining environments were contained in cryostats surrounding

the entire specimen,

Test temperatures were obtained by submerging the cups and/or test speci-
mens in a medium at the desired temperature. Tests at 72F (295K) were
conducted in an enclosed air conditioned laboratory. Tests in helium and
hydrogen gas at ambient temperatures were conducted out of doors over a
remperature range of 40 to 60F (278 to 289K). No measurement of speci-
men temperature was made., Tests at -320F (78K) and -423F (20K) were
conducted in liquid nitrogen and liquid hydrogen baths at ambient pressure,
respectively. Finally, tests in gaseous hydrogen at about -423F (20K)
were performed by submerging the lower half of the specimen in liquid
hydrogen within an enclosed cryostat. The liquid level was kept slightly
more than I inch (2.5 cm) below the crack by an automatic liquid level
control system triggered by liquid level semnsors.

Several environments including GHZ’ Go,, He, FZ’ OF,, and FLOX were

2° 2
obtained from pressurized bottles that were used as the source of both
test medium and pressure., All other environments were pressurized with

welding grade argon gas.

12
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Specimens tested in environme its other than those containing fluorine weie
exposed to the test medium prior to the application of load. For environments

containing fluorine, the following procedure was used:

1) Instull specimen and environment chamber in the test machine and passivate
with test medium at ambient temperature;

2) Purge and pressurize system with helium gas;

3) Load specimen to 70 percent of maximum test load;

4) Tighten pressure cups until leaks are halted;

5) Introduce test environment;

6) After environment is stabilized, load specimen to maximum test load.
At the conclusion ».f all sustained load tests, specimens were subjected to
fatigue loadings to delineate the flaw periphery, and were then loaded to

failure.

DCB Specimens - DCB specimens were loaded by forcing a pin-like wedge into the

central loading hole of the DCB specimens as illustrated in Figure 2-6. The
pins were inserted using a bench vise and the maximum stress intensity factors
were controlled by micrometer measurements of deflection across the slotted
end of the specimen using procedures described in Appendix B. For titanium
specimens, a cap was used to prevent lateral deflection of the specimen arms

during loading.

For tests listed in Tables 2-1 and 2-2, specimens were loaded in room air and

placed in a test chamber that had been clegfied, then filled with the test

 medium prior to loading of specimens. For tests listed in Table 2-3, specimens

were loaded with the crack tip submerged in the test environment. The chambers

were sealed using a flanged top containing an O-ring seal, then pressurized.

Test temperatures were controlled by submerging the test chambers in either
air, liquid nitrogen, or liquid hydrogen at ambient pressure. Tests at 72F
(295K) were conducted within an enclosed air conditioned laboratory in which

specimens, environments, and test chambers were stored prior to testing.

13
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Tests in hyd-ogen and helium gas at ambient temperatures were conducted out .
of doors over a temperature range of 40 to 60F (278 to 289K). Actual specimen
temperatures were not monitored. Tests at -320F (78K) were conducted with the
test chambers submerged in liquid nitrogen under ambient pressure. For tests

in hydrogen gas, the test chambers were purged with helium gas, submerged in
liquid nitrogen for fifteen minutes, then backfilled with hydrogen gas. For
tests in F2, OF2, and FLOX, the chambers were purged with helium gas, passivated
with the media in gaseous form, and then submerged in liquid nitrogen. The test
media were added to the test chambers as required to maintain the desired
pressure until the chambers were filled with liquid. Test duration was measured
from the time at which the test chambers became filled with liquid. Tests in
helium gas at -423F (20K) were conducted with the test chambers submerged in
liquid hydrogen.

Three DCB specimens were simultaneously tested in each environment. For non-
hazardous environments, specimens were individually removed from the test
environment after successively longer periods of exposure ranging from about 20
to 250 hours. TFor hazardous environments, all specimens were removed at one

time.

After each specimen had been removed from the test environment, the micrometer
deflection across the slotted end of the specimen was remeasured, loading pins
were removed, and the specimen was pin loaded in a test machine to the load
required to effect the same micrometer deflection as that measured at the end
of the test.

This load was used in the calculation of stress intensity factor at the time
each test was terminated. The specimen was then subjected to fatigue cycles

to delineate thé crack front before being loaded to failure,

Mechanical Property Specimens - Tests were conducted using a strain rate of

0.005/minute until yield strength had been exceeded; the strain rate was then

increased to 0.02/minute until failure.

14



2.2.4 Interpretation of Results

Crack growth was observed in all sustained load tests of both DCB and SF
specimens. In some specimens, crack growth occurred only during the loading
ramp of the sustained load profiles. In other specimens, crack growth
occurred bc~h during the loading ramp and subsequent sustained load. Hence,
a procedure had to be developed to distinguish time dependent crack growth
from crack growth that occurred during the loading process. 1In general, this
could be accomplished by visunal observations of the fracture surface, using

a 30 microscope. When significant time dependent growth occurred, two
distinct bands of crack growth were noted on the fracture surface. The first
band was due to crack growth that occurred during the loading ramp; the
second band was due to SCC that occurred during the sustwined load period.

In addition, the fracture surfaces of all sustained load specimens were
compared to those of specimens that had been subjected only to the loading

ramp of the sustained load profile.

Results were evaluated in terms of the stress intensity factor defined by
linear elastic fracture mechanics theory. Stress intensity factors for DCB

specimens were calculated using the semi-empirical equation

1/2

2 2
_2p (b )1/2 3(a +ao) +h -

K, = = 2
1 I\ bn - U)Z h3

where P is applied load, b is specimen width, bn is crack width, a is crack
length, a, is an experimentally determined increment of crack lemngth, 2h is
the specimen neight, and u is Poisson's ratio. Values of a, were found to
be 0.90 and 0.78 inch (2.29 and 1.98 cm) for aluminum and titanium alloy
specimens, respectively. Methods and data used to evaluate a, are described

in Appendix B.

Stress. intensity factors for most SF specimens were calculated using the

equation (Ref. 8).

K, = 1.10 V1a/Q ; (2)

e
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where ¢ is a uniform tensile stress acting perpendicular to the plane of the
crack; a and Q are defined in Figure 2-7. Equation 2 is applicable for
elastic stress levels and surface cracks with depth to length (a/2c) and depth
to plate thickness (a/t) ratios less than one-half (8). Equation 2 was used
exclusively except for tests undertaken to evaluate the effect of SF specimen
thickness on SCC susceptibility. In the excepted'tests, flaw depths exceeded

one-half the specimen thickness and stress intensity was uvalculated using

= [T a
KI = 1.1 MKG ) (3)

where MK is a factor that accounts for the effect on stress intensity of the

the equation

back specimen face. Values of MK were taken from Figure 57 in Reference 9.
The referenced MK values were experimentally evaluated using tests of 0.20
inch (0.51 cm) thick Ti-5A1-2.5Sn(ELI) alloy SF specimens at -320F (78K) and
-423F (20K).

2.3 Results and Discussion

Raw data for all environmental survey tests are included in Tables Al through
Al2 in Appendix A. The raw data are summarized in Figures 2-8 through 2-15
which show the stress intensity factors at both the beginning and end of

the longest duration sustained load test conducted in each test environment,
The initial stress intensity factors are denoted by circles and the final
stress intensity factors are denoted by triangles. When no SCC was observed
in a given test, the stress intensity factors are represented by open symbols.
When SCC was observed, solid symbols are used. Note that stress intensity
factors decreased during DCB specimen tests since the specimeﬁs were subjected
to constant opening mode deflections; stress intensity factors increased
during SF specimen tests under constant applied loadings. :Other test details
are also summatvized in Figures 2-8 through 2-15 including: test duration,
crack propagation direction (see Figure 2-16), loading environment (either

room air or test medium), specimén type (DCB or SF), and test environment.
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2.3.1 Discussion of Titanium Alloy Results

Both 5A1-2.5Sn(ELI) titanium base metal and weld metal underwent SCC in

several environments as noted in Figures 2-8 through 2-1l1. The severity of
susceptibility to SCC was found to depend on environment, crack propagation
direction, and loading environment (air or test medium). There were indications
that susceptibility can also be influenced by material condition (plate or weld)
and specimen type (SF or DCB).

Effects of Test Environment

The Ti-5A1-2.5Sn(ELI) plate and welds were susceptible to SCC in the environ-
ments of methanol, methanol plus two percent (by volume) distilled water, dye
penetrant (ZL-2A), 3-1/2 percent sodium chloride solution {salt water), ethanol
plus two percent (by volume) distilled water, and distilled water. The base
metal underwent crack propagation in hydrogen gas at ambient temperatures. The
weld metal was prone to SCC in methyl ethyl ketone and ethanol. No SCC was
observed in either base or weld metal in the 72F (2§5K) environments of argon,
air, acetone, and helium, ¢r in the cryogenic environments of liquid nitrogen
and 1liquid hydrogen. An indication of the relative aggressiveness of the
environments that promoted SCC caa be obtained from Figures 2-8 through 2-11

by comparing values of stress intensity factors at test termination in the
various environments. For DCB tests, SCC susceptibility is inversely related
to the vaiue of the terminal stress intensity factor which is at or near the
KISCC vélue. For example( base'métal DCB specimens that were 1oaded in the
test medium (WR direction tests in Figure 2-8) show that methanol, dilute
methanol, and salt water are equally aggressive environments. Dye penetrant,

dilute ethanol, and discvilled water were progressively less aggressive.

The absolute values of envircnmentally induced crack growth observed in each

of the susceptible environments are summarized in Figure 2-17 and Table 2-8.
Fracture faces of selected specimens are shown in Figure 2-18. The amounts

of SCC observed in base metal DCB specimen tests were substantial in aggressive
environments, e.g., 2.05 inches (5.21 cm) during 116 hours of exposure to éalt
water. Large amounts of SQC were also observed for base metal tests in the

environments of dye penetrant, dilute methanol, and methanol.

17
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The dilute alcohol environmments were tested in view of prior test results (10)
showing that addition of water to methanol in amounis exceeding about one
percent by volume could markedly increase time to fajilure for smooth titanium
foil specimens. Typical smooth specimen test results (10) are included in
Figure 2-19 for pure titanium (CP35A), and Ti~6A1-4V. In the precracked
specimen tests conducted in this program, the ad@ition of two percent by
volume of distilled water to methanol moderately reduced SCC susceptibility
in both weld metal and base metal DCB tests (see RW direction/load-in-air
tests in Figures 2-8 and 2-10). Base metal SF specimen test results were
essentially identical in the pure and dilute methanol environments, whereas
the rate of cracking in weld metal DCB tests was slowed by the addition of
water. It remains to be seen whether additions of greater amounts of water

would further inhibit SCC in precracked specimens. A synergistic effect was

noted in both base and weld metal tests in the environment of dilute ethanol.

For base metal, the effect was noted in DCB specimen tests (WR direction/loaded
in test medium) in Figure 2-8; for tests having nearly equal durations, the
dilute ethanol promoted more SCC than either of the pure ethanol or distilled
water environments. A similar effect was noted in the SF specimen tests for

the weld metal (Figure 2-10).

Cracking susceptibility of 5A1-2.5Sn(ELI) titanium base metal in ambient
hydrogen gas environments was found to'be pressure dependent, i.e., cracking
was observed at 100 psig (689.5 kN/m gage pressure) but not at 30 p51g

(689.5 kN/m gage pressure) as shown in Figure 2-9, Wllllams (1D found that
the cracking tendencies of Ti-5A1-2.5Sn(ELI) in hydrogen gas was dependent on
both pressure and temperature. The tests conducted in this program were of
short duration (24 hours for the DCB and 10 hours for the SF specimens) and
there is a possibility th#t longer duration‘tests would have resulted in more:
cracking. Tests of precracked titanium alloy specimens in hydrogen gas have
shown that for initial stress intensity factors less than the critical value,
rapid cracking to failure occurs only after some finite time period or incuba-
tion peried, as schematically illﬁstrated in Figure 2-20. The test durations
in this program may not have been sufficiently longer than the corresponding

incubation‘periods to result in maximum cracking.
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Results for tests in LHZ and LH2 are similar to those previously reported by

Lorenz (3). .In LH2, Lorenz determined a threshold stress intensity factor

from ten hour duration tests equal to or greater than 90 percent of the plane

strain fracture toughness of 52 ksiv/in (57 MN/m3/2). In this test program,

‘the ten hour threshold stress intensity factor in LH2 was greater than ninety

percent of the corresponding fracture toughness of 70 ksiVin (77 MN/m3/2

).
In LNZ’ Lorenz found that threshold stress intensity was sensitive to applied
stress level. For stresses in excess of 85 percent of the temsile yield
stress, the ten hour threshold stress intensity factor was 82 percent of the
fracture toughness of 71 ksi\/I;-(78 MN/m3/2); for stresses less than the above
value, the threshold stress intensity was very nearly equal to vhe fracture
toughness. In this investigation, sustained load tests were conducted at stress
levels equal to seventy percent of the tensile yield stress and the ten hour
threshold stress intensity factor was greater than ninety percent of the

fracture toughness value of 84 ksivin (92 MN/m3/2).

No attempt will be made to quote K values for any of the material/environ-

ment combinations tested in this pizziam. Fundamentally oriented investigatioﬁs
of SCC in titanium alloys (12) have shown that true threshold stress intensity
factors below which no SCC will occcur do not appear to exist for many material/
environment combinations. Rather, SCC progresses at continually decreasing .
rates at the lower stress intensity levels as schematically shown in Figure 2-21.
It is yet to be determined what happens at very low stress intensity factors.
There are some material/environment combinations for which there does appear to
be ‘a true KIscc’ e.g., titanium alloys in aqueous solutions. Figure 2-21 also
shows ‘how stress intensity factor = SCC velocity relationships can be divided
into three regions, one at low and one at high stress intensity factors (Regions
I and IIY) in which velocity is strongly dependent on stress intensity factor,
and an intermediate region (Region II) in which velocity is independent of

stress intensity factor.

Effect of Crack Propagation Direction

Susceptibility of the 5A1-2,.5Sn(ELI) titanium alloy plate was dependent on crack
propagation direction. The WR direcétion (See Figure 2-16) was more susceptible
than the RW direction in distilled water, dilute ethanol, dye penetrant (ZL-2A), -

salt water and dilute methanol. The WR direction was not tested in pure methanol.
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In the salt water environment, cracking in the RW specimen deviated from the

original crack plane and progressed in the WR direction. Similar results have
L ]

been reported (12) for numerous other titanium alloys. Variations in SCC behavior

with crack propagation direction are due to texturing (preferential grain orienta-
In o alloys, cracking occurs near the basal

3 Py st b PR AR

tion) in the plate materials (12).
o that the lining up of the susceptible planes in the crystals increases

However, a pole figure for the 5A1-2.5Sn(ELI) plate material

plane s
SCC susceptibility.
tested in this program showed no detectable texturing.

SR s T

Effects of Loading Environment
The amount of cracking observed in the base metal tests was found to be strongly
Base metal DCB specimens that were locaded

influenced by loading environment.
in laboratory air prior to being placed in the test medium were less susceptible

to SCC than were specimens that were loaded and tested without removal from the

test medium. This result was obtained from tests in distilled water, dilute

ethanol, dye penetrant, salt water, and dilute methanol as shown in Figure

~8,. Similar results have been reported elsewhere (13,14) and are thought

to be due to the very rapid oxidation of the fresh crack surfaces generated

during the exposure to room air.

Comparison Between Base and Weld MetalnBehaviors
The relative SCC resistance of 5A1-2.5Sn(ELI) titanium base and weld metal can

be evaluated using the SF specimen test results as summarized in the upper part

In general, SCC velocities in the weld metal specimens tended

of Figure 2-17.
For example, the base and

to be less than those in the base metal specimens.
weld metal specimens failed after 0.008 and 0.17 hours of exposure to. salt

water, respectlvely. Similar results were obtained in methanol and dilute

On the other hand, there were two environments (ethanol and MEK)
On

methanol.
in which SCC was observed in the weld metal, but not in the base metal.
the basis of the foregoing observations, there did not seem to be a great deal
of difference between SCC resistance of the weld and base metals tested in this
program. The DCB specimen results shown in the lower part of Figure 2-17 show
the weld metal to be supefior to Basé metal in terms of SCC resistance. However, .

the SCC resistance of the weld metal in DCB specimens was probably enhanced by

loading the specimens in room air. '
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J On the basis of fundamental investigations of SCC in titanium alloys (12), it
was concluded that 5A1-2.5Sn(ELI) titanium weld metal should have SCC resistance

i equal or superior to the base metal. Welding is a B process and since the 5A1-2.5
Sn(ELI) alloy contains iron (a B phase stabilizer), the weld metal could take on
some of the superior SCC characteristics exhibited by B processed material.

Furthermore, the grains should be more randomly oriented in a cast weld structure

than in a hot rolled plate and this should improve SCC resistance since prefer-

ential grain orientation can have a strong detrimental effect on SCC resistance.

Effects of Specimen Type

Neither the base metal nor weld metal data allow a good comparison between SCC

behavior determined from tests of SF and DCB specimens. It had been originally

4 planned to test SF specimens using initial stress intensity factor values both
slightly above and slightly below the KIscc value determined from the DCB
tests. The initial set of tests were conducted using DCB specimens loaded

in air and very little SCC was observed. It was then decided to test the

SF specimens at the highest stress intensity factor that could be generated
under cbnditiqns in which the elastic stress intensity factor determined

b . material behavior at the crack tip, i.e., about 65 ksivin. It was later

realized that both crack propagation direction and loading medium had a

_ significant gffect on SCC. There are some indications that SF specimens
resulted in greater SCC susceptibility than did the DCB specimens for the
matérial,thickness tested. A comparison of average SCC veiogities observed
in DCB and SF specimens for the RW and RT directions of the 5A1-2.5Sn(ELI)

: plate material (using data in Figure 2-8) shows that the SCC velocities were
much higher intSFVspecimens than in DCB specimens forlthe environments of dye
‘penetrant andAmetﬁanol.' In dye penetrant, the averagevSCC velocity (crack
kgrowth/tésq duratign) in thekDpB specimen that was loaded in environment was

3x 1073 iﬁches/houf (2.1 x 10-6kcm/sec) at an average stress intensity factor

of 100 ksi\/zgt ‘The corresponding velocity in the SF specimen was about
0.2 in/hr (0.14 x 10f3 cm/sec) at an average stfess intensity factor of about

. 90Aksi\/zgi It is evident that the ScC velocity in the SF specimen was
ponsiderabl& greater than in the DCB specimen even though the applied stressk
intensity facﬁors were lower. In dilute methanol, the average SCC velocities
were 3 x 10-'3 in/hr (2.8 x 10-6 cm/seé) and 4.8 x 10-2 in/hr (3.4 x 10"5 cm/sec)

in the'DCB and SF spécimens,~respectively; the corresponding average stress
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intensity factors were 60 and 74 ksi\/I;, respectively., The average SCC
velocities showed considerably better agreement in the dilute methanol than in
the dye penetrant. Nevertheless, there did seem to be a tendency for SCC to

be more pronounced in SF than in DCB specimens. Similar results were obtained
in weld metal tests conducted in the environments of methyl ethyl ketone (MEK),
salt water, methanol, and dilute methanol (see Figure 2-10). However, the weld
metal results were not directly comparable since the DCB specimens were loaded

in air and the SF specimens were loaded in the test medium.

It is reasonable to expect that differences in SCC susceptibility determined
from tests of DCB and SF specimens could be observed. It has been previously
demonstrated (15) that specimen thickness can have a marked effect on SCC
susceptibility as determined from through-the-thickness cracked specimens.
This is illustrated by the results included in Figure 2-22 for $A1-4V and
8A1-1 Mo-1V titanium alloys. Thickness effects are believed to be due to
changes in constraint to crack tip deformations as thickness changes, i.e.,
changes from plane stress to plane strain conditions. The SCC susceptibility
increases as plane strain conditions are approached. Since less thickness is
thought to be required to generate plane strain conditions in SF specimens
than in through-the-thickness cracked specimens (5), there should be a range
of thicknesses over which SF specimens would result in greater SCC velocities
and lower apparent KIscc values than would through-cracked specimens of equal
thickness, The 0.375 inch thick 5A1-2.5Sn(ELI) titanium alloy plate tested

in thig program seemed to fall into this thickness range.

Surface Flawed Specimen Thickness Effects
Results of tests to investigate the effect of SF specimen thickness on SCC

susceptibility are included in Figure 2-23 and Table 2-9. The impetus for

" these tests was provided by the observation that apparent threshold stress
intensity values increase with decreasing through-the-thickness cracked

specimen thickness as illustrated in Figure 2-22. 1In SF specimens, changes

in constraint to crack tip deformations undoubtedly occur when specimen thick-
ness is decreased to the extent that the 1igament:betwéen crack tip and back
~specimen face becomes.entirely enveloped by plastic deformations. It had ’
been thought that decreased specimen thickness might decrease SCC susceptibility

at surface cracks in a manner analogous. to that observed for through-the-thick-
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ness cracked specimens. As specimen thickness was decreased in the tests
reported herein, the ratio of approximate maximum plane strain plastic zone
dimension [0.2 (KI/cys)z] to uncracked ligament depth (t-a) increased from
0.2 to 0.6 to 0.8 as specimen thickness decreased from 0.20 to 0.10 to 0.05
inch (G.51 to 0.25 to 0.13 cm). Hence, it was believed that if surface flaw
specimen thickness was a significant factor in SCC susceptibility, the effect

would be observed in these tests.

Tests were conducted using the 5A1-2.5Sn(ELI) titanium/methanol material/
environment combination. For each of three specimen thicknesses (0.20, 0.10
and 0.05 inch or 0.51, 0.25 and 0.13 cm), three specimens were tested. Two
specimens were sustain loaded in methanol to generate stress intensity factors
at the crack tip both above and below 42 ksiv/im (46.2 MN/m/2
minimum K level at which SCC was observed in the previously described DCB

), i.e., the

specimen tests (see Figure 2-8); one specimen was subjected in argon to a
load-unload profile using the same loading ramp that was used in the prior

sustained load tests.

In all tests, more crack depth growth was observed in the sustained load tests
in methanol than in the load-unload tests in argon. Hence, it can be concluded
that SCC occurred in all sustained load tests in methanol. A comparison of
tests no. 3 and 5 in Figure 2-23 and Table 2-16 shows that significantly more
crack depth growth was observed in the 0.10 inch (0.25 cm) thick specimen than
in the 0.20 inch {0.51 cm) thick tests. For all thicknesses, considerable SCC
was observed at initial stress intensity factors of 39 ksi\/TET Hence, these
tests ylelded no indications that SCC susceptibility decreased with decreasing

SF specimen thickness.

Both crack tip blunting and plastic flow could influence relative SCC suscepti-
bility as SF specimer thickness is varied. Crack tip blunting should decrease
susceptibility to nucleation of stress corrosion cracks and increased plastic
flow could enhance SCC. At the present time, the effects of blunting and
plastic flow on SCC are not well understood. Hence, it is not possible to
predict what the SF specimen thickness effect should be. These tests tended

to indicate that SCC susceptibility was enhanced by decreasing specimen thick-
ness which leads to the speculation that the effects of increased plastic flow

predominated in these tests.
‘ 23
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Other Crack Growth Observations

Observations of crack depth growth in most titanium alloy SF specimens led

to the undertaking of tests to evaluate crack depth growth characteristics >
during both rising loads and early stages of sustained loadings. Four series

of tests were conducted with each series consisting of three identical SF

specimens loaded to a predetermined peak load level; one specimen was

immediately unloaded and the other two specimens were unloaded after either

one or twenty hour exposures to the peak load. Specimens were then subjected

to low stress fatigue cycles to delineate any crack growth that occurred during

the prior testing. Both base metal and weld metal were tested in room air and

argon gas. Results are summarized in the lower half of Table 2-10 and crack

depth growth is plotted against test duration in Figure 2-24,

Only insignificant amounts of crack depth growth were observed in the weld

metal specimens and results weare not influenced by test medium, Larger amounts

of crack depth growth were observed in base metal tests and results were influ-

enced by test medium. In argon, crack depth growth values of 0.014 + 0.002 inch R
(0.36 + 0.05mm) were noted regardless of test duration and it was concluded that
crack growth occurred only during rising load in argon. 1In air, crack depth
growth for the one and twenty hour duration tests averaged 0.025 inch (0.63mm)

as compared to the value of 0.006 inch (0.15mm) for the load-unload test. Hence,
it appeared that crack depth grewth in.air occurred during both rising load and

the early part of the subsequent invariant load.

The only firm conclusion that can be drawn from the titanium alloy results in
Figure 2-24 is that crack growth can occur during the loading ramp of a sustained
load test and must be accounted for in interpreting sustained load test results.
It is not clear why the air and argon results differed. ‘Indications of transient
crack growth followed by crack growth arrest were evident in the air results but
not in the argon data. Previous observations (3, 21) of transient crack growth
have been made in chemically inert environments and are thought to be due to

mechanical factors. On the other hand, data scatter could have resulted -in false

indications of transient crack growth and the discrepancy between crack depth

growth values in alr and argon may not have been influenced by environmental

factors.
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Crack growth was observed in a numher of titanium weld metal DCB specimens tested
in gaseous hydrogen and helium at ambient temperatures. Results are included in
Table Al0 in Appendix A. The amount of crack growth ranged from 0.05 to 0.25
inch (1.3 to 6.4mm). Since similar results were obtained in both helium and
hydrogen, it was postulated that the crack growth was not assisted by the test
media. Rather, it is thought that the crack growth was accentuated by the
temperature drop between loading and test environments., Specimens were loaded

in an enclosed building at about 70F (295K) and were then tested at outdoor
temperatures ranging from 40 to 60F (278 to 289K). The temperature drop

could have resulted in a decrease in fracture toughness accompanied by crack

propagation.
2.3.2 Discussion of Aluminum Alloy Results

Indications of SCC in 2219 aluminum were observed in three of the environments
tested in this program. Both 2219-T87 plate (WR direction) and 2219 as welded
weld metal underwent what appeared to be SCC in salt water at 72F (295K).
Traces of apparent SCC were noted in the plate material in trichlorethylene
and dye penetrant (ZL-4B). No evidence of SCC was observed in the ambient
temperature environments of room air, argon gas, distilled water, hydrogen gas,
flourine gas, gaseous oxygen diflouride, and a gaseous flourine-oxygen mixture.
There was an absence of SCC in the -320F (78K) environments of liquid oxygen,
gaseous hydrogen, liquid flourine, liquid oxygen diflouride, and liquid
flourine-oxygen mixture, and in the -423F (20K) environments of gaseous and

liquid hydrogen.

Indications of SCC
Indications of SCC in the 2219-T87 plate tested in salt water are pictured in

Figure 2-25. Specimen 55 was ioaded in air using the same loading procedures
that were used for specimens S-2 and S~4; this specimen was then immediately
unloaded; crack growth due to-the loading process can be seen on the fracture
face.  Specimens S-~2 and S-4 wére loaded in air then i@mersed in salt water for
50 and 262 hours, respectively, Crack gfowth on the fracture face of specimen
~ S~2 resembles that on the face of specimen 55, both in magnitude and shape. It

‘was concluded that the crack growth noted in specimen S-2 was due to the loading
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process and that no SCC had occurred. Crack growth on the fracture face of

specimen S-4 was composed of four distinct areas including; the initial fatigue
crack, crack growth due to loading, a band of crack growth that appears to be
SCC, and fatigue crack growth induced to mark the crack periphery at test
termination. The maximum width of the apparent SCC band was 0.12 inch (0.30 cm)

at the center of the specimen and the average apparent SCC velocity (band width/
test duration) was 4.6 x 10-4 in/hr (3.2 x ],0-7 cm/sec). Specimen S-4 was

examined metallographically and it was observed that the crack growth in the
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apparent SCC band was intergranular. Intergranular growth is characteristic

of SCC in aluminum alloys. There was no evidence of grain boundary corrosion
in the grains lying adjacent to the crack surface. In order to determine if

the apparent SCC growth in specimen S-4 might have been due to intergranular

corrosion that was relatively independent of stress intensity, two additional
base metal DCB specimens were tested in salt water. Test procedures were

identical to those for specimen S-4 except that one specimen was subjected

TR S S e e e N L e

to an opening mode deflection equal to fifty percent of that used to load

S-4, and the second specimen was tested in an unstressed condition. Both

specimens were exposed to salt water for 260 hours. After being pulled to

failure, the fracture surfaces yielded no evidence of apparent SCC. It was >
concluded that the apparent SCC growth observed in Specimen S-4 was dependent

on stress intensity factor.

The fracture faces of two weld metal DCB specimens tested in salt water are
pictured in Figure 2-26. Small bands of apparent SCC are shown along the
fronts of the initial fatigue cracks. The width of the apparent SCC band for
specimen WS-3 was 0.03 inch (0.76 mm) and the average apparent SCC velocity
was 7.3 x 10—S in/br (5.2 x J_O_8 cm/sec). The corresponding stress intensity
factor was 31 ksi\/I;-(34 MN/m3/2). Figure 2-26 also illustrates the non-

uniform pre-cracks that were typical of the weld metal DCB specimens.

Crack growth was observed on the fracture faces of-all 2219 weld metal SF
specimens. The absolute amounts of crack growth are sgmmarizéd in Tables
2-10 and 2-11, and are plotted as a function of test temﬁerature Figure 2-27.
The fracture faces of twe 2219 weld metal SF specimens are shown in Figure ‘
2-28. Specimen WDP-1lA was subjected to the loading ramp of the sustained

load profile used to conduct the ambient temperature sustained load tests, and
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was then unloaded; the specimen was subjected to low stress fatigue cycles to
outiine the crack growth that occurred during the prior loading. The features
of the fracture surface do not show up well in Figure 2-26, but the growth that
occurred during the rising load of the loading ramp was clearly outlined on the
fracture surface. Specimen WS-1 was subjected to an invariant loading in salt
water for a period of 24 hours. The amount of crack growth that occurred
during the test is visible as a dark area on the fracture surface. At 72F
(295K) all specimens other than WS-1 yielded crack depth growth values ranging
from 0.03 to 0.045 inch (7.6 to 11.4 mm). Specimen WS-1 underwent a crack
depth growth of 0,075 inch (19.1 mm). This result is certainly an indication
that SCC may have occurred in Specimen WS~1l. However, the authors feel that
one test is an insufficient basis on which to judge the SCC susceptibility of
2219 weld metal. Assuming that SCC resulted in crack depth growth somewhere
between 0,03 and 0,045 inch (7.6 and 11.4 mm) in specimen WS-1, the corre-
sponding average SCC velocities are 1.3 xlO-3 and 1.9 x 10—3 in/hr (3.9 and
1.3 % 10_6 cm/sec).

The fracture faces of two 2219-T87 aluminum base metal specimens pictured in
Figure 2-28 also contained indications of SCC. Specimen AD-1 was tested in
dye penetrant and specimen AT-1 in trichloroethyléne. Both specimens contained
zones of apparent SCC in the WR direction as outlined by the arrows in the
figure. The extent of each zone was greater than comparable crack growth

observed in any other 2219-T87 base metal SF specimen tested at 72F (295K).

It is believed that the evidence of SCC noted in the 2219 aluminum tests
reported herein is insufficient to establish the susceptiblity of the alloy

to SCC. Only very small amounts of crack growth were observed and well defined
procedures for identifying the nature of such small amounts of growth were
lacking. More tests of longer duration are required to either substantiate or

refute the evidence of SCC in 2219 aluminum observed in these tests.

Other Crack Growth Observations

Crack growth was observed in all aluminum alloy SF specimens tested in this
program. Typical examples of surface crack growth are included in Figures
2-28 and 2-29.

27



o

-

To evaluate the characteristics of surface crack growth both during and
immediately after the application of sustained loadings, three series of tests
were undertaken. Each test series included three tests of identical SF

specimens that were loaded to a predetermined peak load level and then were

unloaded after either a zero, one, or twenty hour exposure to the peak load;
2219-T87 base metal specimens were tested in both room air and welding grade
argon gas and 2219 weld metal specimens were tested in room air. At the

conclusion of each test, specimens were subjected to fatigue loadings at 72F
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(295K) to delineate any crack growth that occurred during the test run.
Results are summarized in Table 2-10 and crack depth growth is plotted against

test duration in Figure 2-24,

The test results indicate that crack growth occurred only during rising loads
and not during invariant loadings in both the 2219-T87 base metal (WT direction)
and 2219 as-welded weld metal. This conclusion was based on the observation
that the amount of crack growth was independent of test duration (within limits

of normal data scatter) in both test environments.

Crack depth growth observed in 2219 weld metal SF specimens is summarized in
Table 2-12 and plotted in Figure 2-27. The fracture faces in Figure 2-28 >
illustrate the characteristics of the observed crack growth. The scatter bands
in Figure 2-27 include all e¢rack depth growth measurements for sustained load
tests conducted at either 22 or 25 ksi'(151.7 or 172.4 MN/mz) uniform applied
stress levels. The individual circular data points represent crack depth
growth measurements for specimens that were loaded at the same rate as were

the sustained load specimens, then immediately unloaded. For the 22 ksi

(151.7 MN/mZ) sustained load tests, consistent crack depth growth measurements
were obtained in all environments except salt water. Because of this result,
it was concluded that environments other than salt water did not promote SCC
in the 2219 aluminum weld metal. The data points for the 22 ksi (151.7 MN/mz)
load-unload tests fall outside of the scatter band for the corresponding sus-
tained load tests. This may have been due to data scatter. At -423F (20K),
however, transient crack growth may have occurred after the loading process.
Transient crack growth followed by crack growth arrest has béen‘observed (3)
during the early stages of sustained load tests of 2219-T87 base metal ‘
specimens. The low yield strength and high fracture toughness of 2219 as-
welded weld metal should make it more prone to transient crack growth than

base metal. At cryogenic temperatures, the sustained load tests yielded
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significantly more crack depth growth than did the corresponding load-unload
tests. It is believed that the additional crack growth observed in the
sustained load tests was due to mechanical processes in the plastically
deformed material at the crack tip and not SCC. It is difficult to believe
that SCC would have occurred during the relatively short test durations in

all cryogenic environments tested.

Crack growth during rising loads in 2219 as-welded GRA weld centerlines was
found to be highly stress level dependent as illustrated in Figure 2-30 by
data obtained from specimens loaded to various stress levels in ambient air.
For stress levels above about 17 ksi (117 MN/mZ), crack growth was very sensi-
tive to peak stress level. The actual yield strength of the weld metal was
not meéasured, but it is believed to be about 16 ksi (110 MN/mz) or less.
Hence, all 2219 weld metal tests in this program were conducted using stress
levels in excess of the true uniaxial weld metal yield stress. The data in
Figure 2-30 show that rising loads to stress levels in excess of the actual

_yield strength can result in large amounts of crack extension.

Eailure characteristics of cracked 2219 weld metal can be inferred from the
data in Figure 2-30. It is evident that when failure stresses are well in
excess of the yield stress, crack size does not undergo an abrupt instability
at the failure load. Rather, crack dimensions start to increase once the
yield stress is exceeded and continue to grow at an increasing rate until
failure cccurs. It is not clear whether failure is due to initiation of
unstable crack p:opagation or to an exceedance of ultimate stress on the net

section.

Comparison With Previously Reported Results

Other investigations have shown that 2219-T87 aluminum alloy plate is very
resistant to SCC. The short transverse direction of one iunch tuaick plate has
been tested (16) both in an outdoor atmosphere and in a 3.57 NaCl solucion with
results shown in Figures 2-31 and 2-32. No SCC was detected in either set of

tests with a detection sensitivity noted in the two figures. Figures 2-31 and

2-32 also include SCC velccity correlations for a number of 7000 and 2000 series

aluminum alloys. When compared to the schematic SCC velocity-stress intensity
factor correlation previously included in Figure 2-21, it can be seen that
aluminum alloys do not exhibit Region III behavior. The plateau (Region II)

‘velocities for the 2000 series alloys are all very close to 10..3 in/hr (7 x 10
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cm/sec), which agrees with the apparent SCC velocity observed for the WR
direction of the 1.0 inch (2.5 cm) thick plate tested in this investigaticn.

An electrochemical test has been developed for predicting the stress corrosion
performance of 2219 aluminum in the T851 and T87 tempers (17). The test requires
the measurement of the solution potentizi of an unstressed specimen in a mixture
of absolute methyl aicohol and carbon tetrachloride. Changes in potential for
2219 alloy plate as it is artificially aged from the T37 to T87 temper are shown
in Figure 2-33 along with smooth specimen stress corrosion data. These data also

show 2219-T87 aluminum alloy plate to be very stress corrosion resistant.

Previously conducted SF specimen tests (3) for 1.0 inch (2.5 cm) thick 2219-T87

plate in the environments of air, LN, and LH2 have shown that crark growth under

sustained loads can wecur in four stiées including: (1) crack growth during
r*sing load; (Z) initial transient crack growth; (3) crack acceleration; and

(4) unstable crack propagation or failure. The number of crack growth stages
occ..ring in any test is primarily dependent on the magnitude of the stress
intensity factor (K) applied to the crack tip. For low K values, no growth is
observed; for intermediate K values, growth during loading and transient crack
growth are observed followed by crack growth arrest; for high K values, all
stages of crack growth are observed resulting in specimen failure. In this test
program, crack growth during rising loads was observed in all 2219-T87 base metal
SF specimens. However, there were no indications of transient crack growth for
the WI direction at K levels equal to ﬁinety percent of the fracture toughness,.
Previocus tests (3) indicated that the K levels above which all four stages of
crack growth could be expected to occur in the WR direction of 2219-T87 aluminum
alloy SF specimens were 90, 81, and 87 percent of the corresponding fracture

toughness in ambient air, LN, and LH2, respectively. 1In this program, com~-

2
parable ratios were found to be greater than 90 and 93 percent in ambient{ air

and LHZ’ respectively.

2.4 Observations and Conclusions

This experimental program was undertaken to evaluate the combined effects of
load and environment on the stress corrosion cracking (SCC) susceptibility of

2219-T87 aluminum ard 5A1-2.5 Sn (ELI) titanium alloy plate and welds. The

following observa.%ons were made during the-c¢curse of the program.
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Observations Fer 5A1-2.5 Sn (ELI) Titanium Alloy

1.

The Ti-5A1-2.5 Sn (ELI) plate and welds were susceptible to SCC in the
environments of methanol, methanol plus 2 percent (by volume) distilled
water, dye penetrant (ZL-2A), 3 1/2 percent sodium chloride solution,
eth'nol plus two percent (by volume) distilled water, and distilled water.
The base metal was susceptible to crack propagation in hydrogen gas at
ambient temperature. The weld metal was prone to SCC in methyl ethyl
ketone and ethanol. No SCC was observed in either base or weld metal

in the 72F (295K) environments of argon, air, acetone and helium, or in

the cryogenic environments of liquid nitrogen and liquid hydrogen.

Susceptibility to SCC of 5A1-2.5 Sn (ELI) titanium alloy plate was dependent
on crack propagation direction with the WR direction more susceptible than
RW direction.

There was not a great deal of difference between the S5CC susceptibility of

base and weld metal. In general, SCC velocities in weld metal tended to be
less than in base metal specimens and there were two environments (ethanol

and methyl ethyl ketope) in which SCC was observed in the weld metal but

not in the base metal.

Specimens that were loaded in air prior to being subjected to the test
environment were much less susceptible to SCC than were specimens that

were loaded in the test environment.

There did seem to be a tendency for SCC to be more pronounced in surface-
flawed than in double cantilever beam specimens. The test data did not

permit a good evaluation of the effect of specimen type on SCC susceptibility.

Tests of Ti-5A1-2.5 Sn (ELI) base metal surface-flawed specimens in methanol
where specimen thickness was varied from 0.35 to 0.05 inch (0.89 to
0.13 cm) revealed no trend of decreasing SCC susceptibility with decreasing

specimén thickness.
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Observations For 2219-T87 Aluminum Alloy

1. Indications of SCC was observed in three of the environments tested in this
program, Both 2219-T87 plate (WR direction) and 2219 as-welded weld metal
underwent what appeared to be SCC in salt water at 72F (295K). Traces of
apparent SCC were noted in the plate material in trichloroethylene and dye
penetrant (type ZL-4B). Test durations were not sufficiently long to
allow strong indications of either the presence or absence of SCC to develcp.
No evidence of SCC was detected in any of the other test environments includ-
ing, argon, air, distilled water, hydrogen, oxygen, fluorine, fluorine-

oxygen mixture, and oxygen difluoride.

2, Stable crack growth was observed during rising loads in both base metzal and

weld metal surface flawed specimens.

The following conclusions were drawn on the basis of results obtained both from

this program and from the literature:
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1.

Titanium alloy 5A1-2.5 Sn (ELI) plate and welds can be very susceptible to
SCC in a number of environments. Accordingly, fabrication and operating »

environments should be closely controlled for successful use of this alloy.
Aluminum alloy 2219-T87 plate and as-welded welds are very resistant to SCC.

For thin materials, surface flawed specimen tests may indicate that a
material is more susceptible to SCC than would tests of through the thickness
cracked specimen types. Hence, results of SCC tests from through—-cracked
specimens should be checked using surface flawed specimens prior to use of a

specific material/environment combination in engineering structures.

SCC tests should be conducted for a period of time sufficient to estaklish
that crack growth rates have decreased to negligibly small values, or longer
than the intended life of the structure for which the material/environment
combination is under cénsideration, whichever is the shorter; SCC velocities
ranging from 5 x 10* to 107 in/hr (35 to 7 x 1077 cm/sec) have been observed
Aqueous environments usually promote SCC velocities

in aluminum alloys.
6 to 7 x 107

ranging from about 10.2 to J.O-'5 in/hr (7 x 10~ cm/sec). : .
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3.0 COMPATIBILITY STUDY OF MATERIAL/ENVIRONMENT COMBINATIONS
PERTINENT TO HIGH ENERGY UPPER STAGE PROPULSION SYSTEMS

Tests were undertaken to study the compatibility of material/environment
combinations suitable for fuel and oxidizer tanks in high energy upper stage
propulsion systems. Material/environment combinations tested included:
2219-T87 aluminum alloy in fluorine, fluorine-oxygen mixture, and methane;
2219-T6E46 aluminum alloy in fluorine and fluorine/oxygen mixture; and titanium
alloys 5A1-2.5 Sn (ELI), 6A1-4V (ELI) and 6A1-4V (ELI) STA in methane. Tests
were conducted in both gas and liquid phases at temperatures slightly above and

slightly below the 20 psig boiling temperature of the test media.

The test program is summarized in Table 3-1. All tests were conducted using
surface flawed specimens having thicknesses representative of minimum gage tanks,
namely, 0.04 inch (1.02 mm) for the aluminum alloys and 0.032 inch (0.81 mm) for
the titanium alloys. The longitudinal axis of the specimens coincided with the
transverse direction of the parent plate. One flaw depth-to-length ratio of

0.10 was used and specimens were fabricated with the méximum flaw depth that
could survive a proof overload at -320F (78K) to 100 percent and 90 percent of
the guaranteed minimum yield stress for the aluminum and titanium alloys,
respectively. That flaw depth was‘experimentally evaluated prior to the sus-
tained load tests., The test sequence included a -320F (78K) proof overload
followed by sustained load tests ranging in duration from 10 to 500 hours. Two
tests were conducted at differ~nt stress levels for each combination of variables.
Aluminum alloys were tested at cy/l.l and oy/l.z where o is the guaranteed minimum
-225F (131K) yield stress of the alloy (56 ksi (386 MN/m”) for the T87 condition
and 43 ksi (296 MN/mz) for the T6E46 condition). Titanium alloys were tested at
g /1 4 and 0.85 (0 /1.4) where 9y is the guaranteed minimum =225F (13IK) ultimate
ten511e stress of the alloys (210 ksi (1448 MN/m ), 173 ksi (1193 MN/m ) and

133 ksi (917 MN/m ) for the 6A1-4V STA, 6A1-4V annealed, and 5A1-2.5 Sn (ELI)
alloys, respectively).

3.1 Materials

The 2219 alloy was tested ‘in both-the T87 and T6E46 conditions. All specimens
were taken from a single 0.125 by 36.0 by 84.0 inches (0.32 by 91.4 by 213.4 cm)
plate purchased in the T87 condition per Boeing Material Specification BMS 7-105C
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(equivalent to MIL~-A~8920 (ASG) specification). Part of the plate was brought to

the T6E46 condition (a Boeing Company heat treatment) by successively solution
treating at 995 + 10F (808 + 6K) for four hours, water quenching, natural aging

for four days, artificial aging at 350 + 10F (450 + 6K) for twelve hours, and air #
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cooling to room temperature. Specification limits on chemical content and
mechanical properties measured by The Boeing Company are included in Tables 2-5
and 2-6, respectively. Mechanical properties are plotted as a function of

4

temperature in Figure 3-1.

The 541-2.5 Sn (ELI) titanium alloy was tested in the mill annealed (MA) condition.
All specimens were taken from a single 0.04 by 24.0 by 72.0 inches (0.10 by 61.0 by
182.9 cm) plate purchased in the MA condition per MIL~T-9046E, Type II, Composi-

tion B. Certified chemical content provided by the vender and mechanical properties
measured by The Boeing Company are included in Tables 2-5 and 2-6, respectively.

Mechanical properties are plotted as a function of temperature in Figure 3-1,

The 6A1-4V (ELI) titanium alloy was tested in both the mill annealed (MA) and

solution treated and aged (STA) conditions. All specimens were taken from a -
single 0.375 by 24.0 by 72.0 inches (0.95 by 61.0 by 182.9 cm) plate purchased

in the MA condition per AMS 4911A, except that the interstitial content was
specified not to exceed the following limits in percent by weight: C = 0.08,

Fe = 0.25, O2 = 0.13, N2 = 0,05, H2 = (0.0125. Part of the plate was brought to

the STA condition by successively solution treating at 1730F (1217K) for ten
minutes, water quenching, and aging at 1000F (811K) for four hours. Certified
chemical composition provided by the vendor and mechanical properties measured

by The Boeing Company are included in Tables 2-5 and 2-6, respectively. Mechanical

properties are plotted as a function of temperature in Figure 3-1.

3.2 Procedures
3.2.1 Specimen Preparation

Configurations for surface flawed and mechanical property specimensiused in these
tests are detailed in Figures C10, C1ll and Cl12 in Appendix C. Surface flaws were
prepared by growing fatigue cracks from starter slots. Slots were produced uéing
an electrical discharge machine (EDM) and 0.06 inch (0.15 cm) thick circular

electrodes with tips machined to a radius of 0.003 inch (7.6 mm) and an included "

4
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angle of 20 degrees. TFatigue cracks were grown to a depth of from three to five
mils (0.08 to 0.10 mm) from the EDM slot using fatigue cycles having an R value
of 0.06, frequency of 1800 cpm (30 Hz), and peak stresses of 12 and 25 ksi (82.7

2
and 172.4 MN/m") for the aluminum and titanium specimens, respectively.
The gage area of all specimens was cleaned with naphtha then blown dry with
compressed air. Aluminum alloy specimens tested in fluorine and FLOX were
cleaned immediately prior to testing using the procedure detailed in Appendix E.

3.2.2 Testing

Proof Overload Test Procedures - All proof overload testing was accomplished at

-320F (78K) with the specimen completely submerged in liquid nitrogen. Each
specimen was instrumented to detect the load at which the surface crack penetrated
the parent specimen thickness. Instrumentation consisted of sealed pressurized
chambers attached to the specimen as shown in Figure 3-2. The chamber on the
flawed surface was pressurized with helium gas to 3-10 psig (34 to 69 MN/m2 gage
pressure) before load application. The chamber on the back specimen face was left
unpressurized. Test records of pressure in both cups versus applied load were
obtained using an X-Y recorder. A typical test record is inciuded in Figure 3-3
where it can be seen that an abrupt change in pressure occurred in both cups at a
well defined load. The pressure changes were due to penetration of the specimen

thickness by the flaw.

For specimens tested to determine the maximum flaw depth that could survive a
-320F (78K) proof overloa& without penetrating the specimen thickness, the
following loading.sequeﬁce was used: (1) specimens were loaded at a uniform rate
to targeted peak stress levels of 182, 160, 128, 59, and 46 ksi (1254.9, 1103.2,
882.6, 40.7 and 31.7 MN/mz)'for the 6A1-4V(ELI)STA, 6A1=-4V(ELI), 5A1-2.55n(ELI),
2219-T87, and 2219-T6E46:alloys, respectively, The lbading rate was such that
the peak stress level was reached one minute after initiation of loading; (2) if
‘the flaw penetrated the specimen thickness prior to the attainment of the targeted
proof stress, the loading was continued until the specimen failed; (3) if the
flaw had not penetrated the specimen thickness prior to the attainment of the
targeted stress, the load was held éonstant at the proof stress for two minutes

and was then increased until the specimen failed.
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In order to prepare specimens for subsequent sustained load testing, each specimen
was proof loaded at -320F (78K) using the procedures described in the preceding
paragraph. If the crack had not penetrated the specimen thickness at the peak
proof stress level, each specimen was immediately unloaded and used for sustained

load testing.

Sustained Load Test Procedures - Four specimens were simultaneously tested in a

single tensile test machine by loading the specimens in series as shown in Figure
3-4. The test media were contained in small pressure cups clampad to the faces
of the specimen. The cups were similar to those shown in Figure 3-1 except that

cups and clamping plates were integral. Virgin teflon seals were used in all

tests. The specimen train and pressure cups were surrounded by a cryostat as
shown in the left hand machine in Figure 3-4. The cryostat was filled with
either liquid nitrogen or a mixture of gaseous and liquid nitrogen to cool the
specimens to the test temperatures. A thermocouple was used to monitor the
temperature and control a valve which mixed the liquid and gaseous nitrogen in

For tests at temperatures other than at -320F (78K), coo

b

the needed proportions.
down time averaged about 2.5 hours after which the desired test temperature was

controlled within + 5F (+ 3K). Pressurized bottles were used as the source of
both test media and pressure. Schematic drawings of the test systems for test

in methane and fluorine or FLOX are shown in Figures 3-5 and 3-6.

The initiation sequence for fluorine tests was different from that for methane
tests. TFor tests in environments containing fluorine, the following sequence .

was used: (1) passivate system with test media at ambient temperature; (2) purge
system with helium gas; (3) bring system to test temperature; (A)Vioad specimens;
and (5) introduce the test media. For tests in methane, steps 4 and 5 were
reversed so that the specimens were loaded in the test environments rather than

in helium gas.

At the completion of the sustained load tests, all specimens were loaded while
instrumented with pressure cups to determine if the surface crack had grown
through the specimen thickness during the sustained load test. Procedures were

the same as those used in the proof overload tests.
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Mechanical Property Test Procedures - Tests were conducted at a strain rate of

e e e ot e siemi

0.005/minute until yield strength had been exceeded. The strain rate was then
increased to 0.02/minute until failure. Stress-strain curves were obtained

using a 2.0 inch (5.08 cm) gage length extensometer.
3.3 Results and Discussion

Results of the proof overload and sustained load tests are separately discussed

in the following two subsections.
3.3.1 Proof Overload Tests

Details and results for the proof overload tests are included in Tables 3-2 and
3-3. Specimen dimensions, initial flaw dimensions, targeted proof stress levels,
and stress levels at which either crack growth penetrated the specimen thickness
or failure of the specimen occurred are summarized. Stress levels at both break-
through and failure conditions are plotted against initial crack dimensions in

Figure 3-7.

For the 2219-T87 aluminum alloy, two specimens (A-5 and A-7) containing cracks
having initial depths of 0.028 and 0.029 inch (0.071 and 0.074 cm) failed before
the targeted proof stress of 59 ksi (406.8 MN/mz) was reached. A third specimen
(A-4) containing a 0.026 inch (0.066 cm) deep crack withstood the 59 ksi (406.8
MN/mz) proof stress without undergoing flaw growth through the specimen thickness.
A fourth specimen (A-8) containing a 0.G24 inch (0.061 cm) deep crack was loaded
to the proof stress level; the proof stress was sustained for 40 seconds at which
time the flaw penetrated the specimen thickness; the stress was then increased
until the specimen failed at 63 ksi (434.4 MN/mZ). The foregoing results led to
the selection of the following surface flaw dimensions for subsequent sustained
load tests: a = 0.022 inch (0.56 mm) and 2¢ = 0.220 inch (5.59 mm).

The 2219-T6E46 alloy was very resistant to flaw growth during the proof load cycle.
The maximum flaw depth tested (85 percent of the specimen thickness or 0.035 inch
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(0.089 cm) in specimen AL-6 did not grow through the specimen thickness during .
the 46 ksi (317.2 MN/mz) proof load. Since the distance between the flaw tip and
back specimen face was only 0.006 inch (0.15 mm) in specimen AL-6, it was decided
that further refinement of the maximum flaw dimension that could withstand the

proof cycle was not practical., Accordingly, the following surface flaw dimensions

were chosen for subsequent sustained load tests: a = 0,035 inch (0.89 mm) and

2¢ = 0.350 inch (8.89 mm).

Flaw growth through the specimen thickness was not observed in any Ti-5A1-2.5Sn(ELI)
specimens. It was apparent that the maximum initial flaw dimensions that could
withstand the proof test were somewhat greater than the 0.022 by 0.240 inch (0.56
by 6.10 mm) flaw dimensions in specimen 5T-5. Hence, the following surface flaw

dimensions were chosen for the sustained load tests: a = 0.025 inch (0.64 mm) and

2¢ = 0.250 inch (6.35 mm).

For the 6A1-4V(ELI) titanium alloy, test results similar to those for the other
alloys led to the selection of the following surface flaw dimensions for the sus-
tained load tests: for the annealed condition, a = 0.020 inch (0.51 mm) and

2c = 0.200 inch (5.08 mm); and for the STA condition, a = 0.013 (0.33 mm) and
2¢ = 0.130 inch (3.30 mm).

3.3.2 Sustained Load Tests

Results of the longest duration tests in each environment are summarized in Table
3-4, The surface cracks did not grow through the specimen thickness during any
of the sustained load tests summarized in Table 3-4. A visual examination of all
fracture surfaces through a 30X microscope did not reveal any visible signs of

Stress Corrosion Cracking (SCC).

The maximum possible SCC velocity (specimen thickness less initial crack depth
divided by specimen duration) for any of the 500 hour duration tests was abaut
10—5 inches/hour (7 x 10-8 cm/sec). This velocity appears to be about an order of
magnitude lower than any previously reported (12) SCC velocities for titanium
élloys. Hence, it appears that SCC did not occur during any of the titanium alloy

tests. For aluminum alloys, SCC velocities as low as 10"5 inches/hour (7 x 10_8
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cm/sec) have been reported (16) and it appears that SCC could progress at even
slower velocities. Hence, the absence of SCC in the aluminum alloy tests cannot

be inferred from maximum possible rate calculations.

After the 500 hour duration sustained load tests, aluminum alloy specimens that had
been loaded to the higher stress level in the gas phase were subjected to fatigue
loadings in room air to delineate the crack fronti Visual observation of the
fracture faces of these specimens revealed no evidence of flaw growth between the £

initial fatigue crack front and the fatigue crack growth induced at the end of the

sustained load test. Other aluminum alloy specimens that had been tested for 500
hours were loaded to failure at -320F (78K). The failure loads for the 2219-T87
specimens were as high as those obtained from proof overload specimens that were
loaded directly to failure. Hence, the failure data yielded no indications of

SCC. A visual observation of the fracture faces of both 2219-T87 and -T6E46

- TR PR G S SN

specimens revealed no indications of SCC. Hence, the evidence strongly supports |

the conclusion that no SCC occurred during the sustained load aluminum alloy tests.

3.4 Conclusion

DR T e e

Minimum gage pressure vessels involving the material/environment combinations
listed in Table 3-1 should not be prone to SCC problems after a proof test. The
proof test cycle used in these tests consisted of a =320F (78K) load-unload cycle
having a peak stress equal to 100 and 90 percent of the design yield strength for

the aluminum and titanium alloys, respectively. The results obtained herein cannot

be used to predict SCC behavior for other gages and proof test procedures using
linear elastic fracture mechanics parameters since the plastic zones in the test
specimen were not small relative to important specimen dimensions. However,
moderate variations to the test details used in this program would not be expected

to significantly increase SCC susceptibility of the material/environment combinations
tested.
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APPENDIX A---TEST DATA

This appendix contains raw test data for all stress corrosion cracking tests ‘
conducted during the investigation of stress corrosion cracking in 2219-T87 E
aluminum and 5A1-2.5 Sn(ELI) titanium alloys. The aluminum alloy data are
listed in Tables Al through A6. The titanium alloy data are listed in Tables
A7 through £12.
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APPENDIX B~---DCB SPECIMEN STUDIES
INTRODUCTION

This appendix describes tests undertaken to explore crack growth behavier and
compliance of side-grooved double cantilever beam (DCB) specimens. In DCB
specimens, propagating cracks have a strong tendency to rotate from: the
original crack plane. This problem can be alleviated through the use oi side
grooves to restrict crack growth to the original crack plane. In this investi-
gation, one specimen configuration and two side groove geometries were tested
for each of two alloys. Specimen configuration is shown in Figure Bl. Both
semi-circular and Vee-shaped grooves were tested. Groove depth was set at
either ten or fifteen percent of the specimen thickness. Tests were conducted
for the WR direction of 1.0 inch (2.5 ecm) thick 2219-T87 aluminum alloy plate,
and 0.38 inch (0.97 cm) or 0.35 inch (0.90 cm) thick 5A1-2.5 Sn(ELI) titanium
alloy plates.

BACKGROUND

Approximate compliance (C) values and opening mode stress intensity factors
(Kl) for DCB specimens can be obtained from the literature (1). Compliance can
be expressed by the equation.

c [(a + 30)3 + hla] (B1)

-2
" 3EX
where E is Young's Modulus, 1 is the moment of intertia of one specimen arm,
'a' is crack length, a is an experimentally determined crack length increment
to force agreement between experimentally measured compliance and Equation B1,
and 2h is specimen height. Stress intensity factors for side grooved specimens
are calculated from the expression
) ]
1/2| 3(a + ae)2 +n? |2

2P b
K=5 G : - , (B2)
b b a - vy h3

where P is applied load, b is specimen width,bn is ecrack width, and p is

Poisson's ratio.
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PROCEDURES
’

Specimens were pin loaded in tensile test machines and clip gages were used to
measure crack displacement. Load cell and clip gage output were connected to i

an X-Y recorder to obtain the load-displacement records from which compliance i

was determined. ]

Clip gages were spring loaded against integrally machined knife edges located !

at the end of the specimen rather than at the load line. Gage and load line

locations are illustrated in Figure Bl., For the specimen configurat?oin tested,

the major portion of compliance is due to rotation of the specimen arms at the

vertical line passing
specimen arms. Since
the crack tip, it was

calculate deflections

through the crack tip, and from shear forces in the
these two deflections vary linearly with distance from
concluded that it would be sufficiently accurate to

at the load line by multiplying deflections measured at

the end of the specimen by the ratio of distance from crack tip to load line

to distence from crack tip to clip gage location. alculations based on simple

beam theory showed that this procedure results in a maximum error of about two

percent in calculated stress intensity. To substantiate this approach, two

specimens were pin loaded in a test machine and deflection measurements were .

made across the specimen width using a micrometer. The resulting deflections

are plotted as a function of distance from the end of the specimen in Figure 32.

Over a major portion of the crack length, the deflections increase linearly

in the manner assumed in the foregoing approach.

Calculated load-line compliance'values were substituted into Equation Bl to
A beam height (h) of 1.5 inches (3.81 cm) was used in
This

evaluuate values of a,-
the calculations rather than the net beam height of 1.45 inches (3.68 cm).
procedure results in negligible error in calculated stress intensity factors as
long as both a and stress intensity factors are calculated using the sanie beam

height. The value of a, does, however, vary significantly with the value of

beam height used in the calculations.
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RESULTS AND DISCUSSION
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Eight initial tests were conducted to determine the effect of side groove

geometry and depth on the shape of propagating crack fronts, and on the direc-

e e B RO i W,

tion of propagations for rapidly propagating cracks. Four 2219-T87 aluminum
and four 5A1-2.5 Sn(ELI) titanium specimens were tested. Aluminum alloy
specimens fabricated with either Vee or semicircular grooves having depths
equal to ten and twenty percent of the specimen thickness were tested in
laboratory air. Titanium alloy specimens fabricated with both Vee and
semicircular grooves having depths equal to ten percent of the specimen thick-

ness were tested at 72F (295K) and -320F (78K). Testing consisted of subjecting

TR Ao s o SOOI St

specimens to zero to tension loading profiles using peak cyclic loads of 1500
and 3000 pounds (6672 and 13,344 N), followed by a static loading to failure.
The fracture surfaces showed that the fatigue crack fronts in all specimens

with semicircular grooves were straight and uniform across the specimen width.

In specimens having vee-shaped grooves, crack growth was accentuated in the
-vicinity of the junction of crack front and side grooves. This result is
illustrated by full scale drawings of the aluminum alloy fracture faces in
Figure B3. fhese results were interpreted to mean that variables affecting
'crack propagation were more uniform across the specimen width for semicircular
grooves than for Vee grooves. When pulled to failure, the crack propagated
along the grooves in all but one specimen, namely, the titanium specimen with

semicircular grooves that was tested at room temperature.

Compliance tests were conducted to determine values of a, for use in-the stress
intensity factor Equation B2. Results of aluminum alloy compliance tests -are
summarized in Table Bl. Specimens fof which one compliance value is reported
were pulled to failure and the slope of the straight line portion of the load
deflection curve wasiused to compute compliance. Specimens for which multiple
compliance values are reported were alternately subjected to fatigue and static
loadings so that compliance values were obtained for several crack lengths.

It is evident that values of'ao were quite insensitive to all test variables,
There was a tendency for a, to increase slightly with increased crack length.

A value of a = 0.90 inch (2.29 cm) was selected for use in calculating stress
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intensity values for all aluminum alloy DCB specimen tests discussed in the
main body of this report., It is of interest to note that the ratio of ao/h
was 0.60 which is the same value previously reported (1) for 7075-T6 aluminum
allov DCB specimens having thicknesses ranging from 0.25 inch (0.64 cm) to
1.00 inch (2.54 cm), and groove depths ranging from five to thirty-five

percent of the specimen thickness.

Fracture toughness values were computed using Equafion Bl, the appropriate a
value from Table Bl, and loads corresponding to the intersection of test

records and a five percent offset slope through the origin of the test record.
The values are in reasonable agreement with previously reported (2) plane strain
fracture toughness values of 29 and 35 ksi v in (32 and 38 MI\I/m3/2
WR direction of 1.0 inch (2.54 cm) thick 2219-T87 aluminum alloy plate at 72F

) for the
(295K) and -320F (78K), respectively.

Results of the titanium alloy compliance tests are included in Tables B2 and
B3. The data in Table B2 were obtained from tests of 0.38 inch (0.97 cm) inch
thick specimens. Values of a, appeared to be dependent on groove shape and
test temperature. For example, Vee shaped grooves seemed to yield lower a,
values at 72F (295K) than did semicircular grooves. In addition, a_ values
appeared to be more temperature sensitive for semicircular grooves than for
Vee grooves. The data in Table B3 were obtained from tests of 0.35 inch (0.89
cm) thick specimens taken from the same plate stock as used for all titanium
DCB tests reported in the main body of this report. The a_ values are quite
insensitive to temperature and are the same for both parent and weld metal.
An‘a0 value of 9778 inch (1.98 cm) was used to calculate stress intensity

factors for alljtitanium alloy DCB specimen tests described in the main body

of this report.

Fracture toughness values for the titanium alloy were computed using:Equation
B2, a, values from Table B3, and five percent offset loads obtained from the
test records. One room temperature base metal base metal specimen (T-1)
underwent a rather abrupt onset of crack instability. The test record was

valid by ASTM E399-70T standards and yielded a fracture toughness value of
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115 ksi v/ In (126 MN/m>/2

reported values of ambient temperature plane strain fracture toughness for
the 5A1-2.5 Sn(ELI) titanium alloy ranging between 100 and 120 ksi v in (110

and 132 MN/m3/2). All other 72F (295K) base and weld metal tests yielded

). This value is in good agreement with other

rounded load-displacement curves that showed no evidence of an abrupt crack
size instability. Average plane strain fracture toughness values reported

in (3) for the RW direction of a 0.25 inch (0.64 cm) thick rolled 5A1-2.5

Sn(ELI) plate were 49 ksi v in (54 MN/m3/2) at -423F (20K) and 56 ksi v in
(62 MN/m3/2) at -320F (78K). Hence, the fracture toughness values obtained

from the -320F (78K) and -423F (20K) DCB tests in this program are equivalent

to plane strain fracture toughness values.

Comparisons made between crack opening displacements measured using both clip gage
and micrometer are included in Table B4. Micrometer measurements were made
between points A as shown in Figure Bl and clip gage measurements were made as
previously described. Comparisons are shown for aluminum base metal DCB
specimens both pin loaded in a test machine and wedge loaded in a vise. For the
pin loaded test, the micrometer readings are consistently less than the clip gage
readings with a maximum discrepancy of 0.001l inch (0.028 mm) . For the wedge
loaded test, the micrometer measurements were again less than the clip gage
measurements with a maximum difference of 0.0015 inch (0.038 cm). In view of

the good agreement between the two different readings, it was concluded that
micrometer measurements provided a sufficiently acéurate method of controlling

stress intensity factor during the wedge loading of DCB specimens.
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APPENDIX C---TEST SPECIMENS

This appendix contains detailed drawings of all test specimens used in this

investigation. Table Cl relates the specimen configurations to the particular

series of tests for which they were used. Figures Cl through C12 contain

detailed drawings of each specimen configuration.
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APPENDIX D---WELDING PARAMETERS

Welding Parameters: 1.00 inch - 2219-T87 Aluminum

L

Surface Flawed Specimens:

First Side -~ First Pass First Side - Second Pass* é
Current —*200 amps éurrent ~ 400 amps E
Voltage ~ 12.5 volts Voltage - 12.0 volts £
Travel - 15 ipm (6.3 mm/sec) Travel - 3 ipm (1.27 mm/sec) é
Wire - None . . : Wire - None

i

*Panel was turned over and the joint completed in one pass with these
settings.

DCB Specimens:

First Side - First Pass First Side ~ Second Pass**
Current -~ 200 amps Current - 390 amps

Voltage ~ 12.5 volts Voltage - 12.0 volts

Travel -~ 15 ipm (6.3 mm/sec) Travel - 3.5 ipm (1.48 mm/sec)
Wire - None . Wire -~ None

**Panel was turned over and the joint completed in one pass with these
settings.

Both panel series were welded with a Linde HW-27 torch; a 5/32 inch (0,40 cm)
diameter, 2% thoriated, tungsten electrode, rounded to 1/8 inch (0.32 cm)
diameter ball nose over a 3/8 inch (0.95 cm) taper; and pure helium shielding
gas at 110 CFH (3.1 m/hr)
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Welding Parameters: 0.350 inch ~ 5A1-2.5Sn (ELI) Titanium
Surface Flawed and DCB Specimens. vl
First Pass Second Pass :
Current - 215 amps Current - 200 amps g
Voltage - 14 volts Voltage - 14 volts %
Travel - 3 ipm (1.27 mm/sec) Travel - 3 ipm (1.27 mm/sec) :

Electrode: 2% thoriated tungsten, 1/8 inch (0.32 cm) diameter, 45° included
angle to 0.030 inch (0.076 cm) diameter end.
%
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NOTE:

(valves, tubing, etc.) exposed to fluorine environments (FZ’ OF

APPENDIX E---CLEANING PROCEDURE FOR FLUORINE ENVIRONMENTS

The cleaning procedure used for all of the specimens and test equipment

2 and FLOX)

is listed below:

Vapor degrease and trichloroethylene flush - 10 minutes
Detergent flush - 10-15 minutes

Cold water flush - 10 minutes

Passivate with 50% nitric acid solution - 5 minutes maximum
Flush with De-ionized water - 10 minutes

Purge dry withk hot nitfogen gas

Oven dry - 1-2 Hours

Bag and seal in plastic’

Components with enclosed areas, such as valves, were vacuum baked

for 1-2 hours instead of oven dried.
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APPENDIX F---CONVERSION OF U.S. CUSTOMARY UNITS TO SI UNITS

In the text of this report, all numerical values are given in U.S. customary

units with corresponding SI units in parenthesis.

Due to the complexity of

the tables of results, only U.S. customary units are used therein. Conversion

factors for converting U.S. customary to SI units are given in the following

table:

To Convert From

Multiply To Obtain

(U.S. Customary Unit) by (SI Units)

in. 2.54 x 10-'2 meter (m)

1bf 4,448 newton (n)

kip 4.448 kilonewton (kN)

ksi 6.895 meganewton/meter2

o (O /n°)
ksi v In 1.099 MN/m>! 2
°F 5/9 (F + 459.67) °K
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Fracture Toughness (ksiVin. )
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Figure 24: FRACTURE TOUGHNESS DATA FORALLOYS USED IN SCC TESTS
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Figure 2-5: PRESSURE CUPS USED TO DETECT CRACK BREAKTHROUGH
IN SURFACE FLAWED SPECIMENS.
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Figure 2-8: RESULTS OF STRESS CORROSION CRACKING TESTS FOR Ti-5A1-2.5 Sn (EL1) 0.35-INCH (0.89 cm ) THICK

PLATE (Excluding Nitrogen, Helium and Hydrogen Tests)
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\Weld (Weld Q_ Tests Only)
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Figure 2-16: NOMENCLATURE FOR DENOTING CRACK PROPAGATION DIRECTIONS IN PLATE MATERIAL

AND WELD CENTERLINES
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2.17- SUMMARY OF SCC CRACK GROWTH OBSERVED IN TESTS OF 0.35 INCH (0.89 ¢ ) THICK 5A1-2.5 Sn (ELI)

Figure

TITANIUMPLATE MATERIAL AND GTA WELD CENTERLINES
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Time to Failure (hr)
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Figure 2-19: EFFECT OF TEMPERATURE AND VOLUME PERCENTAGE OF WATER ON TIIME
TO FAILURE FOR SMOOTH TITANIUN FO!L SPECIMENS (REF. 10)
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Stress Corrosion Crack Velocity

— —

Transition Regions

Region |1

Region ,

I/ Kisos for Ti Alloys in
I Aqueous Sotution

Figure 2-21:

Crack-Tip Stress Intensity

GENERALIZED VELOCITY VERSUS STRESS INTENSITY RELATIONSHIP FOR

STRESS CORROSION CRACKING
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20}~ ’ -]
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in 360 minutes in 440
Ti-8Al-1Mo-1V Ti-6AI-4V

3.5% NaCl solution
-4 20
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Figure 2-22: EFFECT OF SPECIMEN THICKNESS ON SCC SUSCEPTIBILITY OF TiBAI-1 Mo-1V (DA) and
Ti-6AI-4V (MA) IN 3.5% NaCl SOLUTION (REF 15)
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Crack Depth Growth — Aa
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. ~ ~ ~ K, =24 ksi Vin,
(26 MN/m3/2)
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Note:
0.035 Solid Symbols Denote Argon Tests
’ # Open Symbols Denote Air Test
Test Data in Table 2-14
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o
Ti-5AI1-2.5 Sn (ELI)
Base Metal
] [ . - K, =67 ksi Vin,
! (74 MN/m3/2)
| (8]
0.020} ?
(0.005)
- Ti-5A1-2.5 Sn (ELI)
0.015 Base Metal
B K, =66ksiVin.
(73 MN/m3/2)
B
Al-2219-T87
0.010} P06 ————— ——————— = = = O Base Metal
K, = 37 ksi Vin.
00 (41 MN/m3/2)
0.005 |
Ti-5A1-2.5 Sn (ELI)
Weld Metai
» — @ K =66 ksiVin,
0 %Q 1 L 3 (73 MN/m3/2)
0 8 12 20
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Figure 2-24: SURFACE CRACK DEPTH GROWTH DURING LOAD-UNLOAD AND SUSTAINED
LOAD TESTS IN AIR AND ARGON
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Crack Depth Growth, Aa (in.)

Sustained Load Tests at 0 = 22 ksi (151.7 MN/m?)
All Environments Except Salt Water

Sustained Load Tests at 0 = 25 ksi (172.4 MN/m?)
All Cryogenic Environments

A Sustained Load Test at 0 = 22 ksi (151.7 MN/mzl
in Salt Water

O Load—Unload Tests at 0 = 22 ksi (151.7 MN/m?

@ Load—Unload Tests at 0 = 256 ksi (172.4 MN/m?)

Temperature (K)

0 100 200 300
0.12 T T T ™
0.10 L
<4 0.3
0.08 -
A
-0.2
0.06 e
(o}
0.04 } Py reTT———
S5 o,
0.02
(o}
0 3 1 L 1 1
\/\ -400 -300 -200 -100 0 100

Temperature (F)

Figure 2-27: SURFACE FLALVY DEPTH GROWTH OBSERVED DURING TESTS OF ONE INCH
(2.54cm ) THICK 2219 GTA WELD CENTERLINES
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Stress-Corrosion Crack Velocity {cm/sec)

Stress Intensity (MN/ms’z)

10 15 20 25
T

AJ \J

~o
—4
48

10+
1-in. (2.54 cm) Thick Plate

Crack Orientation: TR
Outdoor Exposure:

Temperature: 66° + 30°F (289° £ 17°K)
Average: 11% Rain 4103
Average: 39% RH

Alloys

7079-T661
7039-T64
7039-T61 4104
7178-T661
7075-T651
7075-T7651
2219-T87
2024-7351
7049-T73
7039-T6351

102}

® < «a am O» >0 e

102

Stress-Corrosion Crack Velocity (in./hr)

107+

=

] 1 1 1 10‘9
0 5 10 15 20 25 30
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Figure 2-31: EFFECT OF OUTDOOR EXI'OSURE AND STRESS INTENSITY ON STRESS-CORROSION
CRACK VELOCITY OF SEVERAL HIGH-STRENGTH ALUMINUM ALLOYS (REF. 16)
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Stress-Corrosion Crack Velocity (in./hr)
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10-2

103

104

108

108

! REPRODUCIBILITY OF THE OK

Stress Intensity K| (ksi Vin)
Figure 2-32: TYPICAL V-K CURVES FOR SOME 2000-SERIESALLOYS OBTAINED USING TR DCB
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STRESS-CORROSION SPECIMENS (REF. 16)
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OK oK oK
w b *,
Q
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7]
2 60 — Resistant
® (Pitting) (P)
3
E
w
o ..
S 40— Transition
= (P+1)
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20 — Susceptible
{intergranular) (I}
NN [
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(@]
900 |- 5 %
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8 -800 |—
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&
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Figure 2-33: CORRELAT!ON OF SOLUTION POTENTIAL WITH STRESS-CORROSION PERFORMANCE
OF 2219-T87 ALLOY PLATE. IN THE UPPER PLOT, THE SMALL NUMBERS INSIDE
CIRCLES INDICATE THE NUMBER OF SPECIMENS TESTED (REF. 17)
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REPRODUCIBILITY OF THE Of

Figure 3-4: LOADING TRAIN AND CRYOSTAT FOR UFPER STAGE MATERIAL/ENVIROI'MENT
COMBINATION TESTS.
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Figure 3-5: SYSTEM USED FOR TESTING UPPER STAGE MATERIA L/
' ENVIRONMENT COMBINATIONS IN METHANE
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MEASURED DEFLECTION, INCHES

MEASURED DEFLECTION, INCHES®

DISTANCE FROM END OF SPECIMEN(Z), cm
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t b 0.
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Using Micrgfaeter / 4 0402
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0 4 | o2 WV i i LA,
3.00 2.00 1.00 0
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(b): TITANIUM WELD METAL SPECIMENS
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6 4, 2 0
r 8 : — — . 0.10
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~4 0.9
0.02 s C
/ -4 0.04
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Micrometer O/ /7 l
Q ] |
0 300 ° 2.00 T.00 0 0

DISTANCE FROM END OF SPECIMEN, (£) INCHES
(a): ALUMINUM BASE METAL SPECIMENS

Figure B2: DEFLECTION MEASUREMENTS BETWEEN OUTER SURFACES
OF DCB SPECIMEN ARMS
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=1 0.38 =

{0.97)

3.00
(7.62)

1.00 -— Weld Bead
(2.54) \
| !
M -',%—

— 0.80(2.03)

Sy‘m ,<
R

_ \
L
¢ ‘—0.20(051)

Sym (0.635)
(2 Places)

0.250 Dia Ho:X

Figure C9: 5A1-2.55n (ELI) WELD METAL TENSILE SPECIMEN
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8.00 ——-ﬁ
(20,32)

1.00 I 2.25 |
(1.27) (5.72)
|
[]
N | /
JaA ' T ’ D ’
& L/ - 1/ 1.50(3.81)
S
ym \ 5 08) | \
L\ 1 27)"’ 00 R %m | 060(1.27)
0 50 Dia. Hole
(2 Places)

| !

L 1 i |

' ' ' 0.25 J

NOTE: All dimensions in inches {Cm) (0.64)

(a): Tensile specimen for 304 S.S., 5A1-2.5 Sn (ELI) titanium,
6A 1-4V (ELI) annealed titanium, 2219-T87 aluminum
and 2219-T6E46 aluminum

R <§ 33)
\2 4 .>L‘r + 'J > - 2.!)0(5.08)
" | AT |

R (t
(1.45) [} S
0,57 Dia. Hole ym (?g% '
(2 Places)
[ | I
—T1 | 7
0.030 —.
NOTE: Ali Dimensions In Inches (Cm) (0.076)

(b): Tensile specimen for 6A 14V (ELI) STA titanium

Figure C10: TENSILE SPECIMENS
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Table 2-1: TEST PROGRAM FOR EVALUATING STRESS CORROSION CRACKING RESISTANCE OF
2219-T87 ALUMINUM ALLOY BASE AND WELD METAL

NUMBER OF
TEST ENVIRONMENT BASE METALMELD METAL
TESTS
o g
W Sz Y h
Q - Q bap
= e oF T L 5
— < & E Zxk 23+ s
3 L T 22 £S5 =55 :
w - = 0 =z
5 g | 82 | 882 | s053 | 288 7
w T TTRTE <en Oa - ITO = P
= o -0 Oa & cas=d nHEC
Distilled Water (DW) Liquid 72 (295)| 30 {20.7) 3/3 2/2
DW + 3%% NaCl Liquid 72 (295) 30 (20.7) 3/3 2/2
Trichloroethylene Liguid 72{295){ 30({20.7) 3/3 2/2
Dye Penetrant (ZL-4B) Liquid | 72(295)| 30 120.7) 373 2/2
Room Air Gas 72 (295) | Ainbient 0/0 3/2
Nitrogen Liquid |-320(78) 30 (20.7) 0/0 0/2
Hydrogen Gas ~60(288) | 100 (69.0} 3/3 1/1
Hydrogen Gas | ~60(288) | 30(20.7) 3/3 1/1
Hydrogen Gas -320 (78) Ambient 3/3 2/2
Hydrogen Gas |~-423(20)| Ambient 0/0 3/5
Hydrogen Liquid |-423 (20) 30 (20.7) 0/0 3/2
Oxygen Gas ~60 {(288) | 30 {20.7) 3/3 2/2
Oxygen Liquid |-320(78) | 30(20.7) 3/3 2/2
Oxygen Diflouride Gas ~g0 (288) | 30(20.7) 3/3 2/2
Oxygen Diflouride Liquid |-320 {78) 30(20.7) 3/3 2/2
FLOX (80% Fop, 20% O5) Gas ~60 (288) | 30 (20.7) 3/3 2/2
FLOX (80% Fo, 20% O5) Liguid |-320 {78) 30(20.7} 3/3 2/2
Flourine Gas ~g0 (288) { 30(20.7) 3/3 0/0
Flourine Liquid |-320 (78) 30(20.7) 3/3 0/0
Argon Gas ~60 (288) | 301(20.7) 0/0 3/0

NOTES:

{1) Crack Planes Parallel to Rolliny Direction in Base Metal {3pecimens
(2) Cracks at Weld Centeriine in Weld Metal Specimens

(3) All DCB Specimens Loaded in Room Air

(4) SF Specimens Loaded in Test Environment
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Table 2-2: TEST PROGRAM FOR EVALUATING STRESS CORROSION CRACKING RESISTANCE OF o
5A1-2.5 Sn (ELI) TITANIUM ALLOY BASE AND WELD METAL

NUMBER OF
TEST ENVIRONMENT BASE METAL/MELD METAL %
TESTS b
u 2 =g
2 - g T g T
< 3 Sk ZSF
3 Eo 23 SZ¢§ sZE
2, % ldl-.l Y wl % E =5 o = [z}
2 < | 2% | 947 | 8BEB | ,E58
= z - s g B5ac= | 5SS
&
Distiiled Water {DW) Liquid 72 (295} 30 {20.7) 3/3 1/2 J
DW + 3%% NaCl Liquid 72 (295) 30 (20.7) 3/3 1/1 f
Acetone Liquid | 72(295) | 30(20.7) 3/3 11 4
Methanol (MA) Liquid 72 (295} 30 (20.7) 3/3 1/1 5
MA + 2% DW Liquid 72 (295) 30(20.7) 3/3 11
Ethanol (EA) Liquid 72 (295) 40 (20.7) 3/3 in ’
EA + 2% DW Liquid 72 (295) 390 (20.7) 3/3 i1
Methy! Ethyl Ketone Liquid 72 (295) ! 30 (20.7) 3/3 1/1
Dye Penetrant (ZL-2A) | Liquid | 72{295) | 30 (20.7) 3/3 1/1 -
Room Air Gas 72 (295) | Ambient 0/0 3/3
Argon Gas 72 (295) 30 (20.7) 0/0 3/3
Helium Gas ~60 (288) 30 (20.7) 3/3 1/2
Helium Gas -423(20) | . 301(20,7) 3/3 VA
Helium Gas ~60 (288) 11000 (689.5) 0/0 2/2
Nitrogen Liquid {-320 (78) Ambient 0/0 2/0
Hydrogen Gas ~60 (288} 30 (20.7) 4/3 171
Hydrogen Gas ~60 (288) | 100 {69.0) 3/3 1/1
Hydrogen Gas -320(78) 30 (35.7) 3/3 2/2
Hydrogen Gas  {~-423(20); 100 (69.0) 3/3 4/4
Hydrogen Liquid |-423 (20) Ambient 0/0 2/2
NOTES:

(1) Crack Planes Perpendicular to Holling Direction in All Base Metal Specimens
(2)  Cracks at Weld Centerline in Weid Metal Specimens

{3) All DCB Specimens Loaded in Room Air

{4)  All SF Specimens Loaded in Test Environment
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Teble 2-3: LOAD-IN-ENVIRONMENT TEST PROGRAM FOR 2219-T87 ALUMINUM AND 5A1-2.5 Sn (ELI)
TITANIUMA BASE METAL DCB SPECIMENS . ' : :

TEST ENVIRONMENT g
N = Z
T x < il e

5 a 29 & 2 S g |lad|-2a

2 | & | £€] 2 8 sz |3L |85%

< - a a = 8 O =4 LOL BT
- WR 1 100
Distilled Water (DW) RW 1 100
~ WR 1 100
WR 1 100
S Acetone RW 1 100
£ WR 1 100

E

3 72 | Amb | Liquid | Methanol+2%0W | aw | 1 | 100
: Methyl-Ethyl K Wh ! 100
"‘_’ ethyl-Ethy! Ketone RW 1 100
5 WR 1 100
§ Ethanol RW 1 100
WR 1 100
Ethanol + 2% DW RW 1 100
i 100
Dye Penetrant (ZL-2A) :IV% : 100
— . WR 1 100
5 letalled Water (DW) RW 1 100
z | DW+ 3 %% NaCl ‘gx 1 }%
S' Trichloroethylene RW 1 100
9 WR 1 100
= Dye Penetrant (ZL-4B) | pw 1 100
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Table 2-5: CHEMICAL COMPOSITIONS OF MATERIALS

[T W
P _wE¥ ol 28| -

ELEMENT 2 :;‘EE gzZ §§
o eneren | 235 | 832 | 43% | 1EE

N <a E‘ é g ' i_ é 5 Y=

[Vl i 0=
MIN | MAX

COPPER 58 | 6.8 - - -
SILICON - | o020 - -~ -
MANGANESE 020 | 0.40 0.003 <0.01 -
MAGNESIUM -~ | ooz - - -
IRON - | 030 0.07 0.19 0.06
CHROMIUM - | - - - -
ZINC - 0.10 - - -
VANADIUM 006 | 0.15 ~ - 4.0
ZIRCONIUM 0.10| 0.25 - - -
CARBON -~ - 0.015 .02 0.023
NITROGEN (PPM) - - 120 - 90
OXYGEN (PPM) - - 800 940 1,110
HYDROGEN (PPM) - - 110 94 50
PHOSPHOROUS - _ _ _ -
SULFUR - _ - ~ —
TIN -~ - 2.7 25 -
NICKEL - - _ _ _
MOLYBDENUM - - — _ -
TITANIUM 002 | o.10 #EMNNDERA REM “EMA'NDEA
ALUMINUM REMAINDER 5.9 5.1 5.9
OTHER _ - _ - —
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Table 2-6: MECHANICAL PROPERTIES OF MATERIALS

2 o
ST | & o u 3
P g e 7 o b '_I_ =
o R E W 2w L o —_
W s3 x wy (O3 z B
T 2= =) - =& o ©
o €2 = wT 2 = 2
[ < [ W |-G
© 0 < & Om=l«x
Z b= -l o o8 > o nloo -l
> = w 25 wox¥lssuw
9 2 Q % F e Jd=|8<@
- = < C_J 5 = E o~ W 3 S g
2 e - F S0 o> juwaNo
T 72 69 56 8
T'ég 'P';:;‘e T .320 86 66 12
T 423 101 69 1
19 0.%25 Inch T 72 69 56 10
221 T87 Plate T 320 87 67 12
Aluminum *
1.0 Inch T 72 40 20 8
As-Welded T -320 56 25 g
GTA Weld T -423 67 28 11
0.125 Inch T 72 66 48 12
T6E46 Plate T -320 81 57 13
L 72 119 114 13
0.35 Inch -
Plate L =320 . 190 179 9
. L -423 209 196 5
5A1-2.5Sn(ELI) | 0.04 inch T 72 117 112 14
Titanium Sheet T <320 180 173 16
T 72 126 117 11
0.35 |
G?.i v’:fe',‘ d T -320 192 184 9
T 423 224 204 7
0.375 Inch T 72 125 122 15
6Al-4V (ELI Plate T -320 198 193 6
Titanium 0.375 T 72 162 150 9
STA Plate T -320 225 214 4
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Table 2-12: SURFACE FLAW DEPTH GROWTH OBSERVED DURING TESTS
OF 2219 WELD CENTERLINES

g . o
= o s S '
b 5 g 2  E3
z O 2 T & w =
W i = o = = ox i
22 2§ fa SI 8
b oz 3 & _ =. W¥= 8~
n o W i ™ <>n EIH S ; :
W > g0 = Mo Wiy gFuxy FGE
o WPP-1A  AIR 72 22,0 0 0.045
<
9 WH-7  GHy -320 25.0 0 0.025
S WAN-2 LN, -320 25.0 0 0.045 J
]
o
< WH-10  GH, -423 25.0 0 0.045
3 WH-2  GH, -423 22,0 0 0.011
Ws-1 H,0 + 72 22.0 24 0.075
WS-2  3.5% NaCl 72 22.0 15 0.030 é
WDW-2  DISTH,0 72 22.0 16 0.035 i
WT-2  TcE 72 22.0 12 0.030 R ;
WDP-2  DYEPEN 72 22.0 16 0.035 E
WOF-1 i
GOF 72 22.0 10 0.040 -
WOF-3 2 2 .
X
WFX-1 7 0.030
GFLOX 2 22,
WFX-2 ! 20 10 0.040
o .
WH-1 15 0.035
< GH 72 22,0 e
2 WH-3 2 10 0.030
w
r4
z WO-1 14 0.035
< GO 72 22.0
& wo-2 2 10 0.035
a .
WOF-4 7 0.030
LOF -320 i :
wors OF2 2 220 10 0.040
WFX-3 8 0.025
o) - .
wrx-4 CFLOX 320 220 11 0.025
WH-5  GH 0.070
2 -32 5. 10 :
Wo-3 L0, 0 250 0.060
WH-14 22,0 0.020
GH -413 10
WH-8 2 25.0 0.100 .
WH-11 220 12 0.020
- -423
wo-4  WH-2 250 11 0.070
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Table 3-1: TEST PROGRAM FOR UPPER STAGE MATERIAL/ENVIRONMENT COMBINATIONS *

ENVIRONMENT TEST DETAILS .
w
2 {8
2 g | B g s,
MATERIAL = @ ko E o |
o o - <5 c '
- £ o he? Su i
= a wo L s = :
= FO= > N
w :
- x.
GAS - 10 L w
FLUORINE , 275 , 2 ;
Liauio -320 10 2
ALUMINUM i i :
2
BASE METAL (80% F 503 :
20% O2) LIQUID . 1
2 320 500 2
GAS - 0 >
FLUORINE 275
LiQuiD -320 10 2
0 2
FLOX
ALUMINUM - -
2219.T87 LIQuID -320 oo 2
BASE METAL
10 2
GAS -225 40 2
METHANE 500 2
10 2
LiQuip | -250 40 2
500 2
10 2
GAS -225 40 2
TITANIUM 500 2
5Al-2.55n (ELI) METHANE
BASE METAL 10 2
LIQuUID 260 40 2
500 2
10 2
GAS -225 40 2
TITANIUM 500 2
6Al-4V STA METHANE
BASE METAL 10 2
LIQuUID -250 40 2
500 2
10 2
' - GAS -225 40 2
TITANIUM 500 2
6Al-4V ANNEALED| METHANE
BASE METAL ~ 10 2
LiQUID -250 40 2
, 500 2
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Table 3-4: RESULTS OF SUSTAINED LOAD TESTS OF UPPER STAGE MATERIAL/ENVIRONMENT

COMBINATIONS
FLAW SIZE TEST CONDITIONS
y |8 2
5 g . z & RESULTS
< Q E z < =
< O~ |x = u 2 <8 -
FEIE =12 = 8 . | Bé¥z| bEz|H=D
=l z|1&.2 w L SEa calpsSe
.| Y4 - Ee ELx| BLX|EBE
0033 | 036 GF, 276 46.0 39.0 10
0.04
0033 | 039 LF, -320 460 389 10
2210-TEE46
BASE METAL
0032 | 037 GFLOX | -278 48.0 a0 | s00
0.04
0033 | 040 LFLOX | -320 480 ag0 | s00
0020 | 028 GF, 275 50.0 50.9 10 .
0020 | 024 LF, -320 50.0 51.1 10 ;
SURFACE FLAWS
DID NOT GROW
0.021 0.23 GFLOX | -275 598.0 51.1 500 | THROUGH PARENT
2219787 0.04 SPECIMEN THICKNE *
[BASE METAL Jass | 025 | Lrox | -az20 600 | 510 | 500 |y anYoOF
= _ THESE SUSTAINED
0021 | 025 | GeH, | -225 690 | 510 | 500 |LOADTESTS
{ 0021 | 024 LCH, | -280 50.0 s1.1 | 500
rITANIUM 0022 | ‘022 GCH, | -226 128.0 5.0 500
FAI-2.55n 0.032 ‘
Jeu 0022 | 021 LCH, | -260 128.0 9.0 | 00
TITANIUM 0013 | 0.6 GCH, | -228 1820 | 1500 | 500
6AI-4V (ELI) | 0.032 '
STA 0012 | 018 LCH, | -260 1820 | 1502 | 500
TITANIUM 0022 | 022 GCH, | -225 1600 | 125.1 | 500
6AI4V (ELI) | 0.032
ANNEALED 0018 | 022 LCH, | -260 1800 | 1250 | s00

*ALL SPECIMENS PROOF LOADED AT -320°F BEFORE SUSTAINED LOAD TEST
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Table A1:  2219-T87 ALUMINUM BASE METAL STRESS COF
FOR NONHAZARDOUS ENVIRONMENTS

ENVIRONMENT DCB SPECIMEN DATA 1
SPECIMEN DETAILS TEST DATA SPECI
[
58 >
< e >
W w c [ ws o o=
5 28| . |82 S & z v _ |eBs] B |EE
2 < | T ; zw < & O |Wug?l < |<E
= w 3] »| A8 X > = L S| =z |a® S5 g 25| 4
4T | = wr (V05| S 'OFpElucl3US o cr—=(9z = |52t w
g w 5 |23 = :“L‘, 'Z{C:’ —I-gg P':'E'—’GQ Zg 525 5,:? UG?E 298 L O low| Z
Lg x £ =l 5! Sl=ED| "< =)« £ R3S c o|9g 2
2| 2|2 |83 =2 |38|8=|Co7|GcE|2E7|qa| & |Esg|2z=|E2 | = |53 &
< P W = €| I Lk |@=(s~ |gw| @ sE|z4 |92 o |Ze| T
= a - a aQ ol F z< | |2 “=| o o | g e o~ E
o s2 |u |oge3 |o78s |150]170 |B:T-| 0031 | 495|172 |4725
W+ 5 AIR i
=¥ 4y , 0.5
= W Zliquinl ame |30 | s3 | u [oers |o77e | 4 |10 | 4 | 716 | 177 | 4405 |AS- 5¢
N o n! —
QFm s-4 | u | 0987|0778 1.69 262.1 | 1.80 | 4508
o ow-1| u | o984 | 0.777 170 480 | 176 | 4710
3 SW-1 0.6!
J m .‘ 2%
E E LIQuUID] AMB | 30 | pw-2|{ U | 0.684 | 0.778 1.73 711 | 182 (4505 |, 06
o= pw-3! U | 0990 | 0.780 1.69 1302 | 1.77 | 4625
é w -1 | u | o988 | 0.778 1,70 710 | 176 | 4550
38 ' 1150 | 186 |4335 | AT 05
T J |LlQUID| AMB |30 | T2 | U | 0978 | 0.770 1.66 . . 5 ) | 06
s> AT R
- T
EG -3 | u | ogss | 0777 1.70 2867 | 1.80 | 4400
E pp-1| U | 0990 | 0783 1.70 66.1 | 1.76 | 4710
:: - ' ' AD-1 0.6
£ |Liauio| ave (30 | pp-2| U | o9ss| 0785 | § |70 [y | y | 936176 |as30 |0, e
oY op-3| U | 0984 | 0777 | 150 169 | ATl 0031 | 2378 | 176 | 4540

* 5.0 AND 10.0 HOUR SUSTAIN CYCLES
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A BASE METAL STRESS CORROSION DATA

JS ENVIRONMENTS

-

SURFACE FLAWED SPECIMEN DATA

¥OLDOUT FRAME

- anvEd 100aiod

2

‘TA SPECIMEN DETAILS TEST DATA
@x .
= T 5 Wy
=2 . - ws E 2
Qs > z P T < -< 33 .
u < E - o o u. 2 —
vgal 2 |23 z z s a £z _|EE_|<32|z8% |38
5 w88 & ISE| 4 Tq |E w . |EGE|2RE|ESE|g=S |0
. [o ofii=] - . ur .t < - 3
EE Ega 8 oz g_— wre U'E%: Cs b',‘g- |._97n‘ ;L}EE ""l-":_ &JUDJ 55%0" E‘é'&-
belof| £ (8¢ 25 |zo|2E2|202 (22| g |B5|S5¥|Ea8 |22~ |27 |E3=
zS182 | 2 |B2| of |BE|EET|EST|28] ¢ |FEé|2E |fk |3z (2R |2z
N o |8-| & 2=z z- 19=]| o ) < < |fd (v |Tu
72 4725
77 | as0s lAs-1 0599 |6.00| 0.249 | 0.920 A 446 | 160 | 0253 | 0920 (0291 | 1.01 | 1648
80 4505
76 4710
' AW-1 0.600 |6.00| 0.255 | 0.925 44 6 16.0 0.263 | 0.925 | 0.291 1.00 | 170.2
82 |05 (' 0.605 |6.00| 0246 | 0.925 446 | 271 | 0251 | 0925 | 0300 | 1.00 | 1740
77 4625
76 4550
AT-1 0589 |6.011 0.264 | 0923 44 6 16.2 0.269 | 0.923 | 0.330C 1.06 | 15684
86 |43 |7 0603 |6.00| 0252 | 0925 | & | 420 | 157 | 0.267 | 0925 {0304 | 1.03 | 1622
w
U =
8U 4400 z
&
76 14710 S
AD-1 0.602 |6.00| 0.264 | 0.925 E 44 .6 15.0"| 0.274 | 0925 | 0.377 1.10 | 1494
76 14530 | 0o 0604 |6.00| 0.264 | 0930 | & | 420 | 161 | 0269 | 0930 | 0.304 | 1.03 | 1680
w .
76 | 4540 -
131




Table A2: 2219-T87 ALUMINUM BASE METAL STRESS CORRC
FOR HYDROGEN AND OXYGEN

ENVIRONMENT DCB SPECIMEN DATA
B SPECIMEN DETAILS TEST DATA SPECIME
-
F4 Qu z |2
w o w £ v = w s ot
& E 12| = g o O & z x _ (rdw 2 IEs
- w S 5| 4 gs . & S| =z |2% |45 e S |a El 4
4T | & LUz |C0%|= |oFE zg; §_|er=|223]| & 2|
= x =1 w E (=208 F5|l9slZ208| -2+ |GFES|FSR]l & |3 =
5 w w |3D = >| g8 I2E oy 2"9,5 Z5|S<E | HEE _JGE’ ol -t Vel 25
= | 2 | ¢ |28 B |8| &= |Eo |GE|E87|%58| & |Es2|s2=|&2 E |3 &
w I w o P € | T e m=|E- é w 9@ S5=l24 |92 wolgkt
= a [~ a a | F z< |z [ Z 32| a o | =S e o7 | ~
H-1 | U | 0990 | 0780 |1.50|1.68 Nloos1 | a0 [175 4870
cas | ame | so]#-r | | 0985 | 0780 1.71 0.031 [21.0 [1.78 [4650 | H-1 0.601
M L :
H-3 | U | 0978 | 0.775 1.69 0.031 | 280 |176 [4840
H-4 | U [0986 | 0775 174 0.031 | 7.0 |1.79 |4710
e |ame |1olHs [U |0878 0775 174 0031 | 235 [178 [4500 | H-2 0.603
> H-6 | U | 0985 {0775 1.73 0.032 | 307 |181 [4690
@ H7 | U | 0984 | 0.775 1.74 0035 | 438 | 180 [see2 | 5600
€ loas |-320 | sofH8 [u {0985 0775 | ¥ |170 | ¥ | 0035|438 |174 [6250 | ., 0'600
e H9 |U | 0982|0775 | 150|169 2;} 0035 | 438 | 1.72 |6363 '
, H-5 0.599
GAS -413 | AMB H-7 0.605
H-10 0.600
X-2 0.604
Liquip| 423 [AMB H-9 0.600
H-8 0.598
o1 | U | 0985 | 0775 |150[1.70 |h:l-] 0031| 83 | 177 | 4650 o1 0.602
0-2 | U | 0981|0775 1.7 031 8 | 1.81 | 4520 '
> |GAS | AMB | 30 : 0031} 23 0-2 0.600
(Lg 0-3 | U | 0982|0770 1.70 0031 323 | 1.76 | 4470
% 0-4 | U | 0988|0775 1.70 0035| 495 | 1.99 [ 5021
© 05 | U |0987 0775 | ¥ |170 | ¥ | oo035| 495 | 185 | 5655 0-3 0.600
- . Ny , A . .
LiQuiD| -320 | 30 - 0-4 0599
06 | U | 0985 0770 | 150[ 1.67 [R.T.| 0035 495 | 1.87 | 5450
AIR

*LOAD-UNLOAD
ERECEDING PAGE BLAN™ NOT FIIMED

- FOLDOUT FRAME i



\SE METAL STRESS CORROSION DATA

XYGEN
SURFACE FLAWED SPECIMEN DATA
SPECIMEN DETAILS TEST DATA
c .
= x5 (W
. . Q [
5 5 > 2 2 - Z E Z oz
ey | 2 |9% . 9 2 |F2 |<¥= ;§f a0
Legl £ |LE 2. |24 o = |2-E|lx<G|ESE 23
oSt 3 |23| B 5% 125 = . |BBE|ERE|E=E|e2= Fa,
c|1EB8| = (3% 23 trzlErzles| by | Cg|ztt|2t ol abs|Ua8|2EE
elag=| £ |&5| %2 |Ez IFEBIZGEIZD] a2 |82 5|25 Y 2 S|0p | 0N IG52
= < S |La OFL |ESlcw—|g2™ cal 2 wd g Jw S z= 2= = =
oz w giz T |28 Eo l'::L_u_‘ <q| FZElel b 5'2 < g €z
< e |8 F [|z=|2 z S=| © B < < |Z2i |@% |<u
4870
4650 H-1 0601 | 6.00{ 0.243 |0.920 4‘ 44.6 100 | 6246 | 0920| 0.320 | 1.05 | 1620
4840 -
4710
4500 H-2 0603 | 56.00| 0.240 |[0.920 446 100 | 0243 | 0920| 0.320| 1.09 |161.0
4690
5362
5250 H-3 0.600 | 5.00| 0.242 [0.920 47.0 1.0 0248 | 0920 0.323 | 1.03 |161.0
o H-4 0.600 | 6.00] 0.261 |0.920 47.0 201 | 0267 | 0920| 0.320( 1.03 |161.0
636
H-5 05998 | 6.00{ 0.240 |0.910 50.8 200 | 0246 | 0910 0.365 | 1.09 | 156.0
H-7 0.605 | 6.00| 0.268 |0.935 50.8 100 | 0270 | 0935| 0.350 | 1.12 | 153.0
H-10 0.600 | 6.00| 0.243 |0.970 45.1 10 | 0243 | 0970| 0332 | 107 | 1565
X-2 0.604 | 6.00] G.237 |0.920 50.8 * 0240 | 0920 0.353 | 1.13 | 151.0
H-9 0.600 | 6.01| 0.243 | 0.940 £ 50.8 200 | 0249 | 0940| 0.340 | 1.13 | 1530
H-8 0598 | 6,00/ 0252 |0925 | W | 508 10 | 0258 | 0925] 0.330 | 1.08 | 1545
4650 z '
e 0-1 0.602 | 6.00] 0246 {0930 | 2 | 446 100 | 0255 | 0930| 0.315| 1.08 | 1620
0-2 0.600 | 6.00| 0248 {0920 | > | 446 120 | 0258 | 0920| 0343 1.11 |159.0
6 | 4470 z :
9 | 5021 e '
o 0-3 0.600 | 6.00| 0.252 |0.925 :d:_’ 47.0 100 | 0258 | 0926 0.344 )| 108 | 1580
——Ea50 0-4 0599 | 6.00{ 0.252 {0.920 47.0 100 | 0261 | 0920 0.365| 1.14 | 1504
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Table A3: 2219-T87 ALUMINUM BASE METAL STRESS COF
FOR FLUORINE, FLOX, AND OF,

ENVIRONMENT DCB SPECIMEN DATA .
SPECIMEN DETAILS TEST DATA SPECIMEN
=
QW Fd
2 2
w w c [ W= o |9%
z s g - g2 S & z ¥ ezl £ (3
e | S 13|49 185~ % =-| z |25 |8l 35 125 4
< = = l0oE(s |0z F STwsg T~ 3 = P-4
2| . | E€|3s| & | % 2E |E82|c|20 885|382 200|588 k8| £ (3% 2
a | 212 |88 & | 9|8 |FeT|5g|22=]og 2T |L<3|48£(80 5 g3 8E
g | | & |87 8 |€|=z |Gg |B5|E5 [28| & |FsE|2§ |0z | & |ZE| 2=
= | = |  |E 2 o~ |z< |¥ |2 8= & a |T g e |8-| F
w OF-1 | U | 0986 | 0775 [150| 168 |N-0'] 0.033 [ 260 | 176 | 4910
= ﬁ i OF-1 0.595
T 5AS oF2 | U |oses7|o780 | | 171 | | | o031 {260 | 176 | 4300
S AMB 1301 S OF-3 0596
p OF-3 | U | 0986 | 0.775 170 | 0031 | 26,0 | 1.78 | 4460
S OF4 | U | 0986 | 0.775 1.69 0035 { 315 | 1.82 | 5718
& OF-2 0.601
LiauIp| -320 OF5 | U | 0.988 | 0.775 1.68 0035 | 315 | 1.82 | 5718
% 30 R OF -4 0.604
o OF6 | U | 0.989 | 0.780 .71 0035 | 315 | 182 | 5718
FX-1 | u | 0979 | 0770 1.70 0031 | 28.0 ( 173 | 4650 [ X-1 0.602
GAS |ams |30 | FX-2 | U | 0990 | 0775 1.67 0031 | 280 | 172 | 4620 | Fx-2 0.598
= FX-3 | U | 0983 | 0.775 1.70 0031 | 280 | 1.76 | ass0 | FX-1 0598
Q
T FX-4 | U | 0989 | 0.775 1.69 0035 | 31.0 | 1.83 | 5720
T FX-3 0597
LiQuip| -320 |30 { FX-5 | U | 0900 | 0775 1.72 0035 | 31.0 | 1.77 | 6005
| - FX-4 0.600
FX-6 | U | 0.990 | 0.780 1.69 0035 | 31.0 | 178 | 5982
FL-1 | U | o985 | 0775 1.70 0031 { 330 | 175 | 4570
GAS | ame |30 ] FL-2 | U | 0986 | 0.775 1.68 0031 | 330 | 176 | 4410
(V3] ot e - oo = e Ju——
E FL-3 | U | 0986 | 0.775 1.69 0031 | 330 | 175 | 4400
= .
3 FL-4 { U | 0988 | 0.775 1.68 0035 | 425 | 1.75 | 6183
= i alll
LIQUID| -320 {30 | FL-5 | U | 0981|0770 | y | 171 | Y | 0035 | 425 | 189 | 5319
FL-6 | U | 0891 0775 |150] 1.69 Ei};' 0035 | 425 | 186 | 53500

PRECEDING PAGE BLANK NOT FILMED

FOLDOUT FRAME |



M BASE METAL STRESS CORROSION DATA

OX, AND OF,
SURFACE FLAWED SPECIMEN DATA
SPECIMEN DETAILS TEST DATA
o .
= ., WO
& . . uJ(D -
82 | =z |z 2 |2 |E2 |4E_|.
e %5 o of - . clan
c¥sl £ |IES z_ |38 7 EE_|gE-|TZE|E<E|5E
gﬁg S |£5| 8 3¢ 13 g z |4nE Gog|E=s|g2=-3
-1258| £ 133] 92 |. |5£3|5E%|es| B3 |n2u|zh | aE 5|05 ¢ iE | gEL
S| £ (28| €6 |z=|2ES|xgs(E2| g% |83 |IE" 2 S|0g | JoN |5
=< E |e3 SE |ES|cw~=|=2%|2q]| 3 wLg|Sw ([qwN == 12T |53
3z | & |28| 9= |e2|E8 |E% [gB| & |"S=|*E (=& |3% |3F |33
g e |8=| F 2= Z Z S=| © =) < < e |gw <uw
| 4910
oo OF-1 0595 |597| 0.243 | 0925 4‘ 446 | 110 | 0.249| 0925 | 0.320 | 1.01 |158.4
| 4
OF-3 0.596 |6.00| 0.243 | 0915 446 | 104 | 0249| 0915 | 0320 | 1.02 |156.6
| 4460
| 5718
| . OF-2 0.601 | 5.97| 0.240 | 0925 470 | 100 | 0249 | 0925 | 0320 | 1.00 | 1596
| 571
' OF -4 0.604 |6.00| 0.243 | 0920 470 | 10.1 | 0249 | 0920 | 0.370 | 1.20 | 1444
| 5718
| 4650 | X-1 0.602 | 6.00| 0.243 | 0.920 446 | 100 | 0246 | 0920 | 0310 | 1.08 | 1610
| 4620 | FX-2 0598 |6.00| 0.237 | 0915 446 | 80 | 0240 | 0915 | 0.325 | 1.09 | 1642
5 | 4560 | FX-1 0.598 |6.00{ 0.240 | 0915 4456 | 03 | 0246 |0915 | 0370 | 1.34 142.4
3 | 5720
: FX-3 0597 |6.00| 0.237 | 0.920 470 | 80 [0240 |0920 | 0345 | 1.08 | 1622
6005
FX-4 0.600 |6.00! 0.246 | 0.920 470 | 101 |0249 |0920 | 0.365 | 1.07 | 1578
3 | 5982
5 | 4570
6 | 4410 N
«
5 | 4400 b
5 | 6183 e
v
9 | 5319 &
m
6 | 5500 &
135
2
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Table A4: 2219 ALUMINUM WELD METAL STRESS CORRt
FOR NONHAZARDOQUS ENVIRONMENTS

] ENVIRONMENT DCB SPECIMEN DATA
SPECIMEN DETAILS TEST DATA SPECIMEN |
\ .5
ow 2
z Q z -
: w W (=3 e = o) 9 [
‘ =3 S |%| g2 S & Z ¥ |u8zl £ (E3
= < T ) 2w < = Qg wgg < <E| v
- —_ w Q wy [7,] X > E - o T — g o E p=4 < . O~ 3 Q x 3 (751
4T | L | w| YE 1236 |5_|CESles|28E| 0|85 lRgg] & |22 w-
S| w | §2(23] £ | 2| 28 |Z2£&|5=|202|25|3RE 5|0k E |88 & |28 23 |,
= @ s 13%] £ | Q| 8= |[FET|Fe|L5= ozl ZT|ugL3|FzE]<0 E |23 5E |
Q < = W = Q — (g = b < o - c w o) ; 2= Y= C
w T L o L o o w k= ow—|s- oy 4] 225 2 w oLl x S
= a o o =] ™ z< | |2 S22 o B | 3 g 1o - 2
| 2 R.T. 0035 | 143.0 | 1.73 | 4570
ci - . 50 1 g .
8,5 ws-1 |V |0951 [0.765 15"‘%7 A,AR ( WS-1 0898 |5
= &5 ZlLquip 30 0.765
E U’EJ = AMB ws-2 v |o0g9s1 (O A 176 9.035 2395 | 1.77 4850 |, . 0902 |5
BEw ws-3 |v | 0951 {0.765 1.79 0.037 | 4078 | 1.82 |4710
_‘?j wbw-1 Vv (0954 [0.765 1.78. 0.035 | 1430 178 14650 |\yow 0900 |5
= % lLiauib| AmMB | 30
£ E wow-3 vV | 0951 |0.760 1.86 0035 | 239.3 | 186 | 4480 |, 0900 |5
a= wpw-3 v | 0953 |0.770 1.85 0.035 | 4070 | 1.85 | 4550
1
- ) 0. 1.85 003 | 715 | 1.85 80
% w wr-1 |V | 0952 |0.765 0 44 Wt 0so1 e
= WorLiquipl ame | 30 '
4 - 952 |0.765 1.83 0.035 | 1685 | 1.83 | 4400
z > wr-2 |v | o085 WT-2 0gos |t
=il WwT-3 |V | 08953 {0.765 1.83 0.034 | 336.1 | 1.83 | 4550
= -1jv |o0952 |0.765 1.74 0035 | 71.0 | 178 | 4930
2 WDP-1 5 Wop-1 oge |t
= |LQUIDI AMB | 30 | \wppof v (0953 (0765 | | (183 y | 0035 | 1680 | 190 {4720
w % - wWDP-2 0.900 |
AW WDP-3| V | 0953 | 0.765 |1.50|1.71 Z g | 0035 | 3354 | 180 | 4680

SPECIMENS LOADED THAN UNLOADED IMMEDIATELY

\/

PRECEDING PAGE BLANK NOT FILMED
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NELD METAL STRESS CORROSION DATA
)OUS ENVIRONMENTS

SURFACE FLAWED SPECIMEN DATA

FOLDOUT FRAME

SPECIMEN DETAILS TEST DATA
x .
et Fe P TRY)
= Z . - W 9 o 2z
ow z |z _ Z |zZ |EZ |<% :
rm_| @ |98 . 9 12 |E2_|<¥-|zEE|2Q
O = = 2 & a o7 OQ_Flx«b ~<cl|ldo
os| S |22| ¢ 35 3z ¢ | - |2GE|3EE|ESZ|2351R2,
:‘E%é T 2% W LrzE|tIElos| B O_|ofFE|-2r<|uwy 5%00 Fw g
RgZR-? L oe| Zz= JE S| dSlZ TP (B B SlOR LS Ri2xg
|1a - 25| 8 |E=|l<e E|LOE 25| px |lubslees | ZTES o 1] wa=
<2 Z L2l 5 leg|suc|=2=|ag| & WL a|Jw S 2= =E -7
Sz | 2 |E8| S |BE|E8T|EE (28| ¢ |FsS|*E |®E |3k |3F |iz
g a |8~ F == Z z- S=El o o < < T u i o
4570 .
WS-1 0898 |5.90| 0420 {1475 | A | 220 | 239 | 0495| 1.475) 0.770 | 250 | 98.0
4550 | ws-2 0902 |5.20( 0.435 | 1.465 220 | 146 | 0465| 1.465 | 0.620 | 1.80 [119.0
4710
4650 ,
WDW-1 0909 |5.90| 0.415 | 1.475 21,0 : 0.457 | 1.475 | 0.690 | 2.08 |105.0
4480
wDw-2 0900 {5.90| 0.420 | 1.475 220 | 158 | 0.455| 1.475 | 0.620 | 185 |1146
4550
4480
WT-i 0901 |5.90| 0.430 | 1475 18.0 D 0.440| 1.475 | 0.710 | 2.05 [104.0
4400 5 ‘
WT-2 0898 |5.90| 0.425 | 1.480 i 220 | 120 | 0455 1.480 | 0.770 | 2.35 |100.0
4550 4 "
4930 > f ,
WDP-1 0899 |5.90| 0.425 | 1465 | Z | 200 D 0.447 | 1.465 | 0.740 | 2.18 {105.0
4720 = ,
WDP-2 0900 |5.90| 0.430 | 1.460 u 220 | 160 | 0463 1460 | 0580 | 180 |116.0
4680
137
A




Table A6: 2219 ALUMINUM WELD METAL STRESS COF
HYDROGEN AND OXYGEN

ENVIRONMENT DCB SPECIMEN DATA
- SPECIMEN DETAILS TEST DATA SPECI!
2
Z w c w = =
= |w S | |IXZ2=l (&ETX~ gEE £ <. _lod5 c |£3] @
s |, | 25|59 & | 2|55 |388 1008 |25]388 500(55%|0k8] & |25 £
s a - la =] | F z< |x |2 32| o 2 |z S 2 |o -
WH-1 | v | 0952 [0.770 [1.650] 1.75 ﬁ-;- 0036 | 6.8 1.75 | 5150
GAS [AMB {30 |wh-2 | v |o0954 {0770 | b : 183 | k | 0035 | 230 1.83 | 5100 JWH-1 0.90i
WH-3 | v | 0.954 | 0.775 1.80 0.035 | 30.5 | 1.80 | 4550
WH-4 | v | 0954 | 0.770 1.89 0.035 6.0 189 | 4130
GAS | AMB [100 {wH-5 | v | 0954 | 0.770 1.78 0.035 | 228 | 1.78 | 4500 jWH-3 0.9¢
WH-6 | v | 0.953 | 0.765 1.87 0.035 | 30.3 | 1.87 | 4470
z WH-7 | v | 0952 | 0.770 1.89 0.03% | 437 | 1.89 | 4275 WH-E 0.90
§ GAS | -320 30 JwH-8 |V | 0951 10770 | | | 1.86 0.035 ] 437 | 186 | 4355 WH-7 0.89
a WH-9 | v | 0952 | 0.770 [1.50| 1.91 0035 | 43.7 | 191 | 4225
z WH-S 0.89
WH-14 0.91
GAS | -413 |AMB WH-10 0.90
W423-2 0.9C
’ WH-9 0.9¢
WH-11 0.9(
GAS | -423 |AMB Wo4 0.;
wo-1 | v | 0953 | 0.765 |1.50| 1.80 0035| 7.3 | 186 | 4560 WO-1 0.8¢
> GAS | AMB |30 Jwo-2|v | 0952 ] 0760 | 4 | 1.71 0.035| 233 | 171 | 4950 WO-2 0.9
L wo-3 | v | 0952 | 0.770 1.78 0.035 | 30.8 | 1.78 | 4540
% Wwo-4 | v | 0952 0.765 184 0.035( 495 | 1.84 | 4355 WO-3 0!
© luouip| -320 |30 {wos|v | o09s3| 0760 \} 190 | y | 0035| 495 | 190 | 4250 WS- 1 0'9;
Wo-6 | v | 0953 0.760 {1.50( 1.90 g.lg- 0.034| 495 | 190 | 4250 ’

* SPECIMENS LOABED TO INDICATED STRESS LEVEL THAN UNLOADED IMMEDIATELY
** SPECIMEN FAILED 3 MINUTES AFTER MAXIMUM LOAD WAS OBTAINED ‘
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M WELD METAL STRESS CORROSION DATA

D OXYGEN
| SURFACE FLAWED SPECIMEN DATA
\TA SPECIMEN DETAILS TEST DATA
T .
[+ QU Wwn
5 |z |88 |E2
QG i z |z_ Z |z5 |ES |<2_.|.
U-L% Q Q% — 0 Eu: = <g-=|TES %2
4 T o - Q = 24 (7] =8 -FlxcS5|ELE
s (waBl g ITE| 4 & (139 N > |uBEIgRE|ESE (eSS |
=197 3 e |5z| & LrEitTElo e S |obE|FS|duy Egob suwd
EE|EE| © 1% 25 |z _|2E2|I52|28| ok |bet|Be (3|03 T 02N |85
N R R R B FE A S IR B E N FEA
> 1) Q- w Ll =7 18120 =owi w < . < = =z
S |93 | o |8 & |3E|z |22 |935] 6 3=|%g |*¥% |32 |28 |32
175 | 5150 A
183 | 5100 |WH-1 0908 [5.90|0440 |1.500 220 | 134 | 0475 | 1500 | 0490 | 152 |134.0
180 | 4550 |
189 | 4130
178 | as00 |WH-3 0900 |5.90| 0.440 |1.480 20 | 149 | 0470 | 1480 | 0540 | 1.59 | 1260
1.87 | 4470
189 19278 lywn-s 0905 |5.00| 0425 | 1475 | . | 250 | 100 | 0536 | 1475 | 0570 | 1.80 | 1145
1.86 | 4355 fuh-7 0897 |5.90| 0425 |1470 | & | 250 | * | 0450 | 1470 | 0540 | 1.67 |122.0
191 | 4225 S
WH-8 0890 |5.90| 0410 | 1465 | O | 260 | 100 [ 0480 [ 1465 | 0590 [175 {1100
WH-14 0913 |5.88| 0.400 1480 | 5 | 220 | 100 | 0420 | 1.480 | 0.630 | 178 | 111.0
WH-10 0909 |5.90| 0.417 | 1.465 | 2 | 250 + | 0462 | 1465 | 0580 |1.68 |1200
W423-2 0.900 |5.90| 0420 | 1480 | & | 220 » | 0431 [ 1480 | 0640 | 182 |1120
WH-9 0903 |5.89| 0.415 | 1.460 265 |**0.05 SPECIMEN FAILED
WH-11 0902 |5.90 | 0.433 | 1.475 220 | 123 | 0453 | 1475 | 0630 |[1.80 [111.6
Wo-4 0921 |5.90 | 0.425 | 1.480 256 | 111 | 0495 | 1.490 | 0590 |1.68 |[1204
186 | 4560 WO-1 0.893 {5.90| 0425 | 1475 22,0 135 | 0460 | 1475 | 0560 | 1.70- |1204
LTT | 4950 lyo.p 0.906 |5.88| 0.450 | 1.485 220 | 98 | 0485 | 1485 | 0590 | 195 [118.0
178 | 4540
184 | 43% {wo-3 0.895 |5.90| 0410 | 1.485 250 | 100 | 0473 | 1485 | 0570 | 172 (1180
190 | 4250 | o o 0903 |5.90]| 0430 | 1460 | { | 250 | * | 0465 | 1.460 | 0.710 | 220 |100.0
190 | 4250

139
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Table AG:

2219 ALUMINUM WELD METAL STRESS CORROSION D/
FLUORINE, FLOX AND OF,

ENVIRONMENT DCB SPECIMEN DATA
SPECIMEN DETAILS TEST DATA SPECIME
}-
5& >
Z 2
w 5 w c v o w s o o
« E 1 S| = 82 O & Z ¥ u8z] £ |E3
=] < T 5 2 u < Osd |WgP < |<E| ¢
94T | = w| e |[005|< |OFE|lu<|3Z¥E! C_|xx=| 2 e |15z] &
= |, | 22 |5s] & | Y] 28 202|202 |23|SRE|HEE|CEE|o28] & |2t 23
2| % | & |83 = | 8|85 |EST|88|227 (25| & |E22|325(s2 | B |53 &&
o T o e o €| T be |g=jE~- [zl 2 >=izY 9?{ a |okl =
= a = o a Ol F z< |z (£ a2 o a | S 2 1o [
R.T.
WOF-1| v | 0954 | 0.750 | 1.50| 1.78 |a;g| 0035 | 26.0 | 178 | 4550 |wOF-2 0917
w - -
2 |oas AMB | 30 |woF-2| v | 0953 ) 0785 | | |1.84 A loo3s | 260 | 184 | 4290 |woF-1 0.900
< |
3 WOF-3| v | 0954 | 0.760 1.90 0.035 | 260 | 190 | 4350 |WOF-5 0.924
L.
o
a WOF-4| V | 0950 | 0.756 1.82 0.035 | 315 | 1.82 | 4130
Z WOF-4 0.908
O [LIQUID| -320 | 30 JwoF-5| V | 0.954 | 0760 1.96 0.035 | 315 | 1.96 | 4500
x
o WOF-6 0.898
WoF-6] v | 0952 | 0.760 1.75 0.035 | 315 | 1.75 | 4470
WFX-1| v | 0953 | 0.770 1.76 0.035 | 280 | 1.77 | 4410
WFX-1 0.908
GAS | AMB | 30 |wFx-2{ v | 0951 | 0.775 1.80 0.035 | 280 | 184 | 3950
WFX-2 0.905
x WEX-3| v | 0951 | 0.755 1.85 0.035 | 28,0 | 187 | 4050
o -
- WEX-4| v | 0954 | 0.760 1.83 0035 | 31.0 | 184 | 4420
WFX-3 0910
Liauin| -320 | 30 |wrx-s| v | 0953 | 0.756 1.84 0.035 | 31.0 | 187 | 4325
WFX-4 0.895
WFX-6| V | 0953 | 0.755 1.82 0.035 | 31.0 | 182 | 4420
WFL-1| v | 0952 | 0.750 1.82 0.035 | 33.0 | 1.82 | 4040
GAS | amB | 30 {wrL-2| v | 0953 | 0.750 1.68 0.035 | 33.0 | 168 | 4580
w
Z WFL-3| v | 0.948 | 0.756 1.85 0.035 | 33.0 | 1.85 | 4110
o
> WFL-4| V | 0952 | 0755 1.74 0.035 | 425 | 174 | 4825
[
LIQUID} -320 | 30 |wrL-5| v | 0954 | 0760 | y | 1.80 j | 0035 | 425 | 180 | 4565
WEL-6| v | 0951 | 0.770 | 1.50 1.81 2'“.} 0035 | 425 | 181 | 4525

PRECEDING PAGE BLANK NOT FILMED
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b 2

I
/
f/
/
/
RESS CORROSION DATA FOR /
SURFACE FLAWED SPECIMEN DAT/
SPECIMEN DETAILS TEST DATA
T .
(- Ww¢n
Z Z 4 :x:i ‘Eg grg
o 2% 2 |E2 _|<¥-|z&E|e2
- = -2 =2 24 % K;..."* L’J’_'*' LS L E Lzug
el 3 |25 4 T |3 w - |6pE|2BE|ESE8(|g=E|ES
3l £ 122] 42 N R R A A L EER
2l £ |19¢| 25 |z |FEE(ZHEIZS| nL (heS|Ze (3|08 |laoN |G
E (THE=X 55 FE|EHsS|25= azl @ wdg 3 f)u.u jw‘\‘ z& zE = o
& |28 2= |og|Es |ET |2B| ¢ |F5S|fk |=k |3k |3F |E2%
a 8= F z= 2 z- =l o a < < frgts g < U
mwop—z 0917 |5.90| 0.430 | 1.475 22.0 96 | 0470 | 1475 | 0560 | 165 | 128.0
0 |woF-1 0.900 |5.90| 0.425 | 1.475 220 | 100 | 0465|1475 | 0900 | 265 | 87.0
_— [}
0 |WOF-5 0.924 |5.90| 0425 | 1.480 220 | 101 0465 | 1.480 | 0.720 | 2.15 [104.2
0 ) V
| \WOF-4 0.908 [5.90 | 0.423 | 1.475 220 6.6 | 0453 | 1.475 | 0.520 | 1.60 | 1248
0
—} WOF-6 0.898 {5.90| 0.415 | 1.470 220 | 100 | 0435 | 1470 | 0.580 | 1,70 | 113.0
0
0 J
—JWFX-1 0.908 |5.90| 0.425 | 1.465 220 30 | 0465 | 1465 | 0.580 | 168 | 1210
0
—wFx-2 0.905 |5.50| 0.420 | 1.450 220 | 100 | 0460 | 1450 | 0650 | 1.95 | 113.0
0
0
— A WEX-3 0.910 {5.90| 0425 | 1.470 220 80 | 0450 | 1470 | 0580 | 1.70 | 1180
5
~ lwEx-4 0.895 |5.90! 0.420 | 1.450 220 | 113 | 0445 | 1470 | 0600 | 190 | 1200
0
0
—
30 o~
— o
™~
0 >
)
5 5
| 7]
35 w
— w
w
5
141
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Table A7a: 5AI-2.5Sn (ELI) TITANIUM BASE METAL STRESS CORROSIO
FOR NONHAZARDOUS ENVIRONMENTS

ENVIRONMENT DCB SPECIMEN DATA
| SPECIMEN DETAILS TEST DATA SPECIMEN [
Z w - Eé Z z _
g 252 &5 |3~ : 5. |88g| £ |5f
Zole | & 13| 8. |822|= |522|o.283| B _|S2-(c52] & (52| &
2|y | ES|2g| £ | 5| £% |z28(55|282|25|55 (55T 00222%] £ (8l 2E |z
S| 2| E |B5 & |2| 27 |5 |BE|EY (28] & |Fz2|2ET|Sz | £ (28| 2% |8
= a = -+ e lo| F z< |z |2 S=| a a |27 |7% 2 8~ F z
: Tw-1 | v | 0348 |0240 [150( 165 |Ax]o0s8 | 742 | 173 | 5600
Eﬁ Liquin] AMB |30 ftw-2 |v | 0348 j0241 | } | 165 | } | o059 |1426 | 167 | 5650 | TOW-1 0.398 |4.
R Tw-3 | v | 0348 |0.240 166 0059 {2376 | 1.71 | 5760
Bag TS-1 | v | 0346 | 0.240 167 0058 | 719 | 173 | 5410
ZwZ lliouip| AMB |30 |Ts-2 | v | 0346 | 0240 1.66 0058 | 1368 | 1.72 | 5560 | TS-1 0.399 |4.
25 Ts-3 | v | 0346 |0.238 1.68 {0058 {2333 | 1.72 | 5680
W TA-1 | v [ 0348 |0.238 1,66 0.059 | 726 | 1.68 | 5760
E Liauio} AMB |30 |ta-2 | v | 0346 | 0.238 1.65 0.060 | 1303 | 1.68 | 5730 | TA-1 0.395 |4.
> TA-3 { v | 0346 | 0.240 1.66 0059 | 2329 | 171 | 5560
;§ T™™-1 | v [CRACK GREW O{TIOH PLANE 0059 2440
IO |LIQUID| AMB | 30 |TM-2 | V| 0.348 | 0.240 1.64 0.049 | 1369 | 2.42 | 3950 }TM-1 0.399 |4.
=g ™4 | v | 0348 |0.233 176 0,049 | 2375 | 330 | 1450
;’QIE 4 TMD-1| v | 0344 | 0.236 164 0057 | 903 | 173 | 5230
T35 |LIduin| AMB | 30 [TMD-2| v | 0.346 | 0.236 1.63 0.059 | 1622 | 172 | 5420 | T™MD-1 0391 |4.
<8 T™MD-3| v | 0.349 | 0.240 1.63 0.059 | 258.3 | 1.72 | 5450
S W TME-1| v | 0.346 | 0.240 1,66 0058 | 700 | 170 | 5500
T>S|Liouip| AMB | 30 [TME-2| v | 0344 | 0.240 1.64 0.059 | 146.1 | 170 | 5600 | TME-1 0.398 |4
sh¥ TME-3 | v | 0.346 | 0.238 165 0.060 | 2376 | 1.73 | 5470
3 TE-1 | V | 0.348 | 0.240 166 0.059 | 68.0 | 1.77 | 5350
% [Lquin| AMB [ 30 fTE-2 [ v [0346 (0238 | ¥ [ 164 | y | 0059 | 1438 | 1.66 | 5680 TE-1 0.395 |4
Eé TE-3 | Vv | 0348 | 0.240 {150 | 1.64 R»-;- 0059 | 2356 | 1.67 | 5570

2
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SE METAL STRESS CORROSION DATA

{ONMENTS

{sdix) ® ~ o - ©
avol 3ynNivd < © n - <
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(your) oz Q 5 o -
'ONINHVYW 3NDILYY - o - - O < )
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e
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Table A7b: 5AI-2.55n (ELI) TITANIUM BASE METAL STRESS CORROSION DA
FOR NONHAZARDOUS ENVIRCNMENTS (Cont.)

H {yous) =3 =
W H1QIM < <
W
= {yout) m m
m SSINNDIHL Q 2
(13quinp a1nbi4)
NOILYHNOIANOD
1—' L aud
NOILVYDI411N3dI a pD_.
- =
{spunod)
iNawoviastamvr | B 2| 8] §| 8| §
1034430iavol | B S| 8| 5| B| B
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FiF|F|F]F|F
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P
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i e

3ASE METAL STRESS CORROSION DATA

/IRONMENTS (Cont.)

SURFACE FLAWED SPECIMEN DATA

TEST DATA

{sd13)
avol 3HNTIvd
‘dW3 L INIISWY

70.1

{your) Pog
‘ONINHVYW INOILYd
4314V HLONIT MV

1.52

{youy) e
'ONINHVIN 3NDI1V4
Y314V H143a MV

(your) doz
‘NNY 1S31 4314V
H1ONIT MV 14

1.250 | THRU
:CIMEN FAILED DURING

h
p

(your) Je
‘NOYH 1531 4314V
H1d430 Mv1d

SUSTAINED | OADING

0.238
SPE(

{sinoy)

NOlLvHNA
1S31L

0.08

16.0

(15%)
SS3IH 1S SSOHH

86.0
86.0

WNIg3nN
ONIavOo

LNIANOHIANT 1531

SPECIMEN DETAILS

(youy)
bz ‘HioNTT
MVYTd TVILING

1.035

(your)
e ‘Hid3qQ
MVYT14 IYILINI

(your)
HLOIM

{youi)
SSINMDIHL

0.392 |4.00| 0.178 | 0.965

0.396 [4.00| 0.204

(4aquinp a1nbiy)
NOLLYHNOI4NOD

NOILVYOIdILNIQ!

TED-1
TDP-1

)ATA

(spunod)
ANIWIIVI4SIa Mvr
103443 04 QvO1

Lud0

5615
5620
5640
5880

5840

{youn)
de'H1oNT

MOVHD TN |

1.68

1.68
1.€6
1.76
1.73

1.69
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-
“
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Table A8:

5Al-2.55n (ELI) TITANIUM BASE METAL STRESS COR
DATA FOR HYDROGEN AND HELIUM

ENVIRONMENT DCB SPECIMEN DATA
SPECIMEN DETAILS TEST DATA SPECIMEN |
T
> _
g Sl (B |3s 5 «  |EBg| 2 |23
e lul S|1519 (85|, |- s_| =z |25 |o%E] & |25| 4
3| %% |48 g (8|87 |5C |88(25 (25| & |FEE|35 (s | & (28 eS|
= | E|F [£| e |G| F |2 |¥7|27 |85 o | 3 &7 |’S | 2 |87 F |3
TH-1 | v | 0.3847 | 0.248 | 1.50| 1.65 2'.} 0.059 | 6.0 1.76 | 5530 | TH-9 0395 |4
GAs |ame 30 | Th2 | v | 0347 |0244 | | | 167 | b | o050 [210 | 172 | 5400
TH-3 | v | 0.347 | 0.240 1.68 0.059 | 300 | 1.73 | 5520
TH4 | v | 0.347 | 0.244 1.67 0059 | 65 | 1.73 | 5630 [TAR-2 0.396 |4.
TH-5 | v | 0.348 | 0.244 1,63 0059 | 235 | 2.10 | 3980
. GAS [AMB 100 I— "1~ "1 0.348 | 0.238 1.62 0059 | 305 | 164 | 5290
w THE-§| v | 0.347 | 0.244 1.62 0.059 | 328 | 2.02 | 4780
Q TH-7 | v | 0.347 | 0.248 1.63 0.031 | 318 | 165 | 3460 |T3204 0.357
S GAS |-320 |30 ]| TH-8 | v | 0.345 | 0.246 1.63 0.031 | 31.8 | 163 | 3525 |T320-6 0.354
TH-9 | v | 0.348 | 0.246 1.66 0.031 | 318 | 166 | 3415
TH-10| v | 0.343 | 0.240 1.66 0.027 | 460 | 1.66 | 2970 |TH-1 0.356 |1
GAS |-413 |Ave| TH-11| v | 0345 [ 0244 | | | 166 0027 | 460 | 172 | 2805 |12 ppsadl b
TH-12] v | 0.350 [ 046 (150 1.65 0.027 | 460 | 1.65 | 3010 |TH-4 0.355 |1
B RS 0.355 |1
LIQUID| 423 |AMB TH-6 0355 |1
THE-1| v | 0.348 | 0.248 |150 | 1.69 0059| 6.0 | 172 | 5480 |TAR-1 0398 |4
GAS | AMB {30 | THE-2| v | 0344 | 0246 | | | 166 0.059| 230 | 168 | 5500
THE-3| v | 0.347 | 0.250 1.66 0.059| 305 | 1.69 | 6540
2 THE-7| v | 0.347 | 0.244 1.66 0027| 423 | 1.69 | 2885 |THE-4 0.355 |1
J | GAs | -423 |30 | THE-8) v | 0.345 0244 | ¥ | 161 0.027| 423 | 162 | 3100
T THE-9| v | 0.347 ] 0.246 |i50 | 1.64 Y 0.027| 423 | 165 | 3010
THE-2 0.395 |¢
GAs | AMB (1000 R THE-3 0388 |

*LOAD-UNLOAD

PRECEDING PAGE BLANK NOT FILMED
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MTANIUM BASE METAL STRESS CORROSION
ROGEN AND HELIUM

T SVFI SRR,

DR S SRS I

SURFACE FLAWED SPECIMEN DATA

FOLDOUT FRAME 2

T DATA SPECIMEN DETAILS TEST DATA
[+ <
B s w g
. . e -
2 E 2 |8¢ Z |z5 £ 2 |5 Z |
o Q% I —_ =la0
v _ |tEs] £ |E3 z_ |z& 7 Fr_|GF_|fzz|xZ35|5<
s |Wg® < |[LE| o <5 | LN W G| 26| EL8 O==|¥9
< _. Q-3 O g a = = _. o Z oW e|lWwwE E=2= Z et
I SEE|FSR] € (25| & trzltrzlos| B | CslasFSidFrt|bw a8 Flpuws
glOFG| B2l % 0wl ZE A S|arEg|z28] v7 [rEFIBEE T|lze 5D L3k |2eS
5la9£g|8Q7 E |25 g (xR E|lquElSE2] a2 |vhES|eEe|ZEQ o® Q wo=
glgeZz=|( g Z L3 OL |[Esicu~|i=z~-|ag] £ wL g | Jw S == e =2
£l>W |o= o |Z2g] == j@gjkFa |Eo |< o g e = «= |2z |2%
| s i o Qo=| T g = o¥l & 2 . U - Jg =g
w = = &) - =2 < < He 0] () < < o U ™ g &L
1.76 | 5530 |TH-9 0399 |400| 0.164 | 0960 | 4 800 | 12.0 |0.174 {0960 |THRU | 1.61 | 1102
1.72 | 5400
173 | 5520 :
| 1.73 | 5630 [TAR-2 0.396 [4.01] 0.168 | 0.940 800 | 100 | 0.181 | 0940 |THRU | 1.63 | 108.3
| 2.10 | 3980
v | 1.64 | 5290
3 | 2,02 | 478D -
3 | 165 | 3460 [7320-4 0357 |250| 0.121 | 0525 126.0 | 10.0 | 0.126 | 0.525 | THRU | 0.950 | 79.8
3 163 | 35625 (T320-6 0.354 (250 0.117 | 0.525 1260 | 10.1 | 0.124 | 0525 | THRU | 0.980 | 77.0
3 | 166 | 3415
D> | 166 | 2970 |TH-1 0.355 {1.10| 0.087 | 0.261 139.3 10 | 0.087 | 0.261 |0.140 | 0.325 | 434
0 172 | 2805 TH-2 0.356 [1.10| 0.084 | 0.255 1393 | 200 | 0084 | 0.255 | 0.097 | 0.275 | 449
: TH-3 0.356 |1.10| 0.085 | 0.261 1238 | 100 | 0.085 | 0.261 | 0.158 | 0.340 | 425
0 | 165 | 3010 |TH4 0.355 |1.10| 0.086 |0.264 139.3 . 0.086 | 0.264 | 0.136 | 0.330 ; 42,1
TH-5 0.355 |1.10{ 0.081 | 0.255 139.3 | 20.0 { 0.081 | 0.255 | 0.200 | 0.430 | 39.7
TH-6 0.355 |1.10| 0.090 | 0.285 139.3 1.0 | 0090 | 0.285 | 0.135 | 0.320 | 433
0 | 1.72 | 5480 ]TAR-1 0.398 14.00| 0.178 | 0950 | _ 80.0 | 100 | 0.188 | 0.950 | THRU | 1.50 [114.8
0 | 168 | 5500 z ‘
5 | 169 | 5540 2
3 | 169 | 2885 |THE-4 0355 |1.10] 0089 | 0264 | = | 139.3 | 10.0 | 0.089 | 0264 | 0.123 {0285 | 443
3 | 162 | 3100 %
3 | 165 | 3010 =
THE-2 0395 |4.00| 0.166 |0970 | = | 80.0 | 120 | 0.191 | o970 | THRU | 1.42 | 1167
THE-3 0.388 |4.00| 0.174- | 0:950 80.0 | 120 | 0.189 | 0950 | THRU | 1.40 | 117.0
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Table A9a: 5AI-2.55n (ELI) TITANIUM WELD METAL STRESS CORRO¢
FOR NONHAZARDOUS ENVIRONMENTS

ENVIRONMENT DCB SPECIMEN DATA
SPECIMEN DETAILS TEST DATA SPECIME
55 .
t!:u é g ol g.n? 5 o % }¥4 EE—; § SE’
2 lw | 8139|222 |8z =_| z |2% |53E| § |E5| 1
2|, | 5E|5g| £ |¢| 2% |53 05|208|25|388 500|000 8| £ (2t 3
el & | = Q| z< |T |2 32| o a | 3 e o [
S TWD-1| v | 0310 | 0.232 {150] 1.73 | A{ 0060 | 656 | 2.68 | 2810 fpPw-1 0.334
o g Liouib| ame | 30 frwp-2| v | 0316 0220 | } | 168 | } Jooro [1440 | 280 | 2600 fropw-2 0.338
oy TWD-3| v | 0.316 | 0.230 165 0070 |238.1 | 287 | 3050
KN Tww-1| v | 0317 | 0.228 1.65 0071 | 716 [ 173 | 5820
'-_-’_E viauip| ams | 30 frww-2| v | 0317 | 0225 1.64 0070 1466 | 168 | 5680 froww-1 0.338
2% Tww-3| v | 0317 | 0.227 1.65 0070 | 2375 | 1.76 | 5880
w+3 TWS-1 | v | 0.317 0.070 ‘
;;aze LIQUID| AMB | 30 ftws-2 | v | 0317 | 0.225 1,67 0071 | 1486 | 182 | 5280 |rsw-1 0.334
asa TWs-3 | v | 0.318 | 0.230 1.62 0.068 | 2396 | 170 | 5420
43 TwM-1| v | 0317 | 0.226 1.67 0.059 | 2360 | 2.08 | 3500
?_:é LIQUID| AMB | 30 ftwm-2| v | 0315 | 0.223 1.68 0063 | 1413 | 1.92 | 4450 frMw-1 0.329
=¥ TWM-3| Vv | 0.310 | 0.228 1.70 0064 | 675 | 203 | 4250
Lom TwMD-] v | 0.313 | 0.231 168 0071 | 713 | 195 | 5070 ,
Eég LIGUID| AMB | 30 frwmp-2 v | 0.316 | 0.233 175 0071 | 1665 | 2.07 | 4680 frmDw-1 0.333
=30 TWMD-3 V | 0.217 | 0.224 1.70 0071 | 2347 | 1.97 | 4890
u rwa-1| v | 0317 | 0.228 1.72 0069 | 707 | 172 | 5720
E LIQUID| AMB | 30 frwA-2 | v | 0317 | 0.222 { 170 0.070 | 1456 [ 173 | 5510 fraw-1 0.333
Q TWA-3 | Vv | 0318 | 0.225 168 0.070 | 2366 | 1.79 | 5560
3 TWE-1 | V | 0317 | 0.222 1.68 0.072| 656 1.76 | 5760
$Z |uauin] ame | 30 frwe-2| v | 0316|0227 | ¥ | 170 | §y | 0o070| 1435 | 1.77 | 5560 frEW-1 0.327
Eé TWE-3 | V| 0317 | 0.227 [150| 170 |R. | o072| 237.7 | 181 | 5190

PRECEDING PAGE BLANK NOT FIL.MED
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JELC METAL STRESS CORROSION DATA

IRONMENTS
) SURFACE FLAWED SPECIMEN DATA
rA SPECIMEN DETAILS TEST DATA
x .
= s |wO
TR 2 =3 (B2 |53
Q% T v =la
vl 2 |58 z  |zs 2 CE_|GE_|<zz|zZE (%2
¥ |ucg]l < |2E| g L& |g w . |BnE|zhe|ESE|0=E|EQ
> Q > c = - @
T=|Rz3l £ (32| L. Lrz|lz|os| Ge | 04 |SEE|2FS buT &Y FlewE
FEln28| & |oe| 23 |z _|252|252|23| af |BEE|Exz s |3cd|0g |Ja |85
>=|qP = 3l X2 IlrE .‘E&_,:. SLZD‘:— o=l ¢~ jw< 3 iu.:m <w N 39 2= o
Z |22 2= |oglE o al o Feligre |[JF o=
w192 w SE| T QclEo |EWw jZal & mSE|el Tt SR 1352 |=s<
- o Q - 2= 2 Z a2 o (o) < < TIRT™ o+ qu
68 | 2810 fppPw-1 0334 |326| 0.174 | 0.950 86.0 | 0.08 i%icgr GN FAILED DUR|NG SUSTAINED
o | A
80 | 2600 IDPW—Z 0.338 |3.25| 0.173 | 0.955 55.0 | 470 (0300 [1.090 |[THRU | 1.12 | 93.2
87 | 3050
73 | 5820
68 5680 Irpww-1 0.338 |3.25| 0.176 | 0.950 860|240 |0.179 {0950 |[THRU 1.29 80.6
76 | 5880
82 | 5280 frsw-1 0334 |32 SPECIMEN FAILED DURJING
5| 0.174 | 0.940 86.0 | 0.02 | 3P ORDING
70 | 5420
08 | 3500
92 | 4450 frmw-1 0329 |3.25| 0.172 | 0.955 g6.0| 06 |0.240 (0970 |THRU | 1.26 | 7838
03 | 4250
95 | 5070
. . SPECIMEN FAILIED DURIN
07 | 4680 |rMDW-1 0333 |3.25/ 0.170 | 0.960 86.0| 2.2 susn:qmeo LO D G ING
97 | 4890 - |
72 | 5720 Z
=
73 | 5510 frAaw-1 0333 |325| 0174 | 0960 [ Z | 860| 182 |0177 |0.960 THRU | 1.37 | 74.2
79 | 5550 &
>
76 | 5760 = }
.77 | 5560 JrEw-1 0327 |325!| 0185 | 0945 | & 86.0 121.0 0.190 |0.945 [THRU | 129 | 78.2
181 | 5190 =
2
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Table A9b: 5AI-2.5Sn (ELI) TITANIUM WELD METAL STRES
FOR NONHAZARDOUS ENVIRONMENTS (Cont.

ENVIRONMENT DCB SPECIMEN DATA
SPECIMEN DETAILS TEST DATA SPECIM
[
5 z
4 us 4 —
w L c b~ o (9%
o« E | o § a8 2} P Z ¥ o 8= E |E2
P S | 514 zs & s | - |28 |¥sEl 35 |25 4
s | | 85|85, £ || EF (388 cx|oke|25|3528 0|55 028 £ |2y ¢
= 7] = (2% £ |8 $E |FETI§el22=aEl 2 L’x_iéé’ I2£(<20° s L3l SE
w g 2 =l w ! T EE |5 E= gu.l 7] S| 24 9§ W g T
= a = - a ol F 2< |x | Z J=2] o & | 3 2 |o -
R.T.
o wep-1| v | 0317 | 0.225 |1.50{ 166 |ajg’l 0071| 71.8| 173 | 5800
™
x -
E § ojuQuin| AmB AMB[\'WED—Z V | 0316 | 0.225 b | 168 0071 | 167.0| 175 | ss80 [TEDW-1 0.324
wgLo
TWED-3 V | 0317 | 0.227 1.68 0.071| 2348 | 1.76 | 5540
}rwmm vV | 0316 | 0.248 1.66 0071| 668| 1.73 | 5910
= w
> a2 -
T > Sluiuin| AMB [AMBIrwME-7 V | 0318 | 0238 | y | 171 | y | 0070) 145.1) 176 5730 [TMEW-1 0.33!
W o w
¥
=u TwME-3 V | 0317 | 0234 150 1.70 f\";' 0069 | 239.1| 1.78 | 5540

PRUCANTNIG PAGR RT ANK NOT FITMED
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s SR e e

\NIUM WELD METAL STRESS CORROSION DATA

US ENVIRONMENTS (Cont.)

SURFACE FLAWED SPECIMEN DATA

{sd1)
avo1 34NV
"dW3L LNIINVY

78.9

(your) Poz
'ONINHVI 3NDILVH
Y314V H1ONIT MV 1d

1.21

URING

|

{youy) Pe
‘ONINHVIN 3NDILVL
Y314V H1d3a MV1d

AILED

-
-

(your) doz

‘NNY 1S3 1 HILSV
HLONIT Mvd

5TAINED LOADING

b

TEST DATA

(youn) de
‘NNY 1S31 4314V
H1d3Q MV 14

0.210 | 0970 | THRU

SPECIMEN
suU

{sanoy)

NOlLvdNad
1531

12.0

214

(1s3)
SS3H 1S SSOH9

86.0

WNia3aw
ONIdVON

AINIWNO

AN 1S31

SPECIMEN DETAILS

{youn)
bz 'H1ONITT
MY 14 TVLLINI

(yout)
e ‘H1d3q
MVY14 TVILINI

(uoun)
HLOIM

(yout)
SSANMOIHL

0.324 [3.26] 0.172 | 0.945

0.337 [3.25( 0.173 | 0.940

(4aquinp 3unbi4)
NOILYHNDIANOD

NOILVOI411IN3al

MEW-1

(spunod)
INIWIOV4SIA MVl
1203443 0L QvOl

5800

5580 JTEDW-1

5540

5910
5730
5540

{youn)

Len 20 2 ot —=y

3

5
6

3
16
78

-

FOLDOUT FRAME
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Table A10: 5AI1-2.5Sn (ELI) TITANIUM WELD METAL STRESS CORROSI(
FOR HYDROGEN AND HELIUM

ENVIRONMENT DCB SPECIMEN DATA
SPECIMEN DETAILS TEST DATA SPECIMEN
-2
Qw 2
Z s < —
w c | & A £ 2 o c |93
=3 E | |wl Q& Z X . E gzl £ |E é’
e lw | S13|9_ 852 T s_| z |29 (B<E| 3 25| 4
4T | = w| WE [8O5|5 109EF Us 58% o-|lsxX=|FE g R E R P
2L | E2lzs| £ 2|28 225|520 8|25|S2E (L0002 2] £ |28 2% |3
3 7] e (A% 5 | 8| 8= |Fo |gg|2a% 2] & |¥d2|z=z=%2 z |45 of |k
& T z (¥ @ €| X Er |[m=|E- |81 ¢ >=|2Y 95 s okl =® =
= a = o a GRE I~ z< |z |Z 32| o o | S 2 1o [ 3
R.T.
as lam s [FUH-1|V 10316 10228 115011.66 Rinl 0070 | 88 |174 |s9s0
G B -
A TwH-2 | v | 0318 [0224 | 4 [1.68 } [ 0070|235 |180 |sseo |7 0334 |3.
TWH-3 | V | 0.317 |0.228 1.70 0070 | 328 | 188 |5460 ,
100 JoH-4lV | 0318 | 0226 1.72 0070 | 9.0 |1.86 |5380
GAS |AMB
A TWH-5 | V | 0.317 | 0.222 1.68 0.070 | 235 | 1.84 |5310 TgvAH- 0.344 |3.
- TWH-6 | V | 0.316 | 56.226 1,68 0070 | 2.8 | 181 |5400
w
- 0319 | 0. 1.68 0.042 | 31.9 | 178 | 4125
§ GAS |-320 30 e V o: ] 2226 1.68 0042 | 318 | 179 | 4080 TWH-31 0.331 2.
& TWH-8 | v_ | 0.319 |0.228 . ! : : o 0338 |2
T TWH-9 | V | 0.216 | 0.224 1.68 0042 | 319 | 168 |4200
GAs |13 lams TWH-1Q V | 0.317 | 0.222 1.67 0.033 | 46.0 1.67 | 3310 HwH-1 0.339 |1.
- 0338 |1.
TwH-11| v_| 0315 {0226 | 1 |1.66 0033 | 460 | 1.66 | 3320 JTWH-2 a3
TWH-124 vV | 0.317 |0.230 |1.50|1.65 0033 | 46,0 | 1.82 | 3180 [TWH-4 0.335 | 1.
TWH-5 0331 | 1.
Llauip|-423 [AMB e 0 |1
Gas | ame 30 JHE-1} V | 0.316 | 0.226 [ 1.50{1.63 0070 | 7.0 1.72. | 5900 JrwHE-1 0.337 | 3.
frwHe2 v [0318 (0218 | | |1.67 0070 | 235 | 186 |[5720 jw_22 0337 |3,
frwhe-3 v | o316 |0.226 1.63 0070 | 310 | 1.88 | 5500
3 [rwHe-4 v | 0318 (0.223 1.67 0033 | 423 | 172 | 3270 brwH-36 0338 | 1.
2 |GAas |-423 | 30
2 frwHe-s v | 0316 |0.224 1.64 y | 0033|423 [ 182 |3180
* rwhE-g v | 0315 |0.224 |150(166 |R,1] 0033 423 [ 174 | 3170
GAS |AMB |1 -23 0341 |3,
-24 0.337

RECEDING PAGE BLANK NOT FIL.MED
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RO

IIUM WELD METAL STRESS CORROSION DATA

BRI T A

) HELIUM
SURFACE FLAWED SPECIMEN DATA
ST DATA SPECIMEN DETAILS TEST DATA
[+ <
- €. |(Wo
-2 . . w8 (2
b4 Z W =
iz | 8 |83 . =2 |E2_|%E_|3¥z|s0
v cHzt = (E3 2 2 A = |- = IS
|25 (9<E] % |2E| g R Y| . |BRE|2pE|ESE|GEE|EG_
- |5E2|P58) £ (3% Y- |- |5=3|5Es|es| B oS |2REF S|ty Y SluE
- 5 TR Dg')'*’ - og 2'5 r_|ZE2 —”68 Z5] vwx  ~kEE I & Tr SO0 A0 N 5%5
¢ 3 'Jz:: a0 E w 3 gc [ure Saj:.: Sz‘:— o=l o~ 1+, <3|(Sw Cw N ;9 == —_
< §U-l o3 o |ZZ| £ |28|Eo |EQ <9 Q tEL Lk ok Tk % ez
|z g a 8= & 2=z z- IQ=E] o a < < | |+ (2w
8 | 174 |5980
5 | 180 |sss0 [T 0334 [325(0.176 | 0955 | ¥ | 800 | 90 |0.176 | 0955 |THRU [124 |858
8 1188 |5460
0 | 186 |5380
5 [1.84 |5310 1}{‘&'- 0.344 |3.25| 0.170 | 0.945 800 | 87 | 0.170 | 0945 | THRU [1.25 | 88.0
[o}
8 | 181 |5400
9 |1.78 |4125
) 179 2080 TWH-31 0.331 (2.311 0.120 | 0523 954 120 0.120 | 0.523 | 0.174 {0560 | 84.8
: H-35 0.338 (2.30] 0.132 | 0530 954 | 120 | 0.132 | 0530 | 0.250 | 0.620 | 81.2
9 | 168 |4200
0 1.67 3310 ITWH-1 0.339 1>_1o 0.095 | 0.270 1240 0.5 0.0909 | 0.270 | 0.212 | 0.450 | 39.1
3320 H-2 0.338 |1.10| 0.090 | 0:264 1250 | 11.9 | 0.090 | 0.264 | 0,138 | 0.326 | 427
0 1166 TWH-3 0337 (1.10| 0,092 | 0272 1500 | 11,0 | 0092 | 0272 | 0,153 | 0.435 | 405
0 {182 | 3180 [TWH-4 0.335 |1.10| 0.092 | 0.264 1240 | - 0.092 | 0.264 | 0.152 | 0.425 | 40.2
TWH-5 0.331 {1.10| 0.090 | 0.266 1240 | 1.0 | 0.090 | 0.266 | 0.178 | 0.430 | 41.7
TWH-6 0.338 [1.10| 0.090 | 0.264 1240 | 86 | 0.090 | 0.264 | 0.193 | 0.560 | 39.0
0 |1.72 |5900 HWHE-1 0.337 {3.25|0.170 | 0.950 85.0 | 15.1 | 0.170 | 0.950 | 0.257 | 1.12 {1005
5 1186 |5720 -22 0.337 13.25| 0.176 | 0940 | - | 86.0 | 10.0 | 0.182 | 0940 | 0294 | 1.04 | 993
0 | 188 |5500 é
3 1172 | 3270 frwH-36 0.338 [ 1.10{ 0.090 | 0255 | £ | 1240 | 10.0 | 0.090 | 0.255 | 0.174 | 0.347 | 42.8
3 182 | 3180 §
3 [178 | 3170 &
W-23 0341 [3.25] 0.170 | 0.950 E 860 | 100 | 0.180 | 0950 | 0.234 | 098 [109.5
, fw-24 0337 | 325 0178 | 09s0 | F | 860 | 100 | 0.193 | 0950 | 0.231| 1.00 [1065
.
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2219-T87 ALUMINUM BASE METAL STRESS CORROSION
NONHAZARDOUS FLUIDS LOADED IN ENVIRONMENT

Table A11:

<
w
= (youl)
3] SSINMOIHL
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{(49quinpN aanbi4)
NOI LYHNOI4INOD
NOILVDI41IN3Q]
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« (you) o | ol ol of ~1 =
S ke'qiongt | 8| 8 81 R | &| S| R
m MOVHOIWNIA ] &N —| N} —] &N = = | =
- (sinoy)
(7] N n m (3] 0] [le] ~N -
@ N N|@wl o) 8 =@ -
= a8 8| 8/ 8388
(yuy) 21318 | & 81 3|3
IN3IW3OVIgsIal 2 | 2je | © w ol ol 9
M MVYT o] Qjo i o| 0|l o] o
<
a WNIQ3w
['7]
= (your)
o e ‘H1ONT e gl 8l 8] al 8l 2| 4
& ovaoviuni | 8 & & @ 2 gf e @
m wuw) o] . 8
* y'HoIH | < -
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NUM BASE METAL STRESS CORROSION DATA FOR

S FLUIDS LOADED IN ENVIRONMENT

SURFACE FLAWED SPECIMEN DATA
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Table A12: 5AI-2.55n (ELI) TITANIUM BASE METAL STRESS COF
NONHAZARDOUS FLUIDS LOADED IN ENVIRONMET

ENVIRONMENT DCB SPECIMEN DATA
SPECIMEN DETAILS TEST DATA SPEC
-
, E& z
z w [=4 wl E P4 -
T e - ) g B S - £ v oW o |2 2
2 2 3 ; zw < ® -] Ox |WE ok
E_ | S | 5| 4 X2~ © =~ z |<Z& <2l 5 |£5| ¢
<7 |& s |8 & %3« |E5Zslo|28E] 8 _|c=|C23| £ |52] i
= | | 88|53 £ |¥| 2% (2085|208 |25|3%38|5EE|052 028 & [Ty 2
= b & = Zl== -~ 3|09 c = 5| ¥
2| & | 2 |88 & | 8| 5= |FEo |gg|2E8=Igs| & |E22|x2=|&2 5 23| &
w T i c w €| T wk (w-is- oYl 2 o2>lZ2a |2 5 nolgokl T
= a - a. a TR z< |x | =2 S22 o o | 5 2 1o F
DISTILLED | | amp |amp[TWI-1| V_| 0325 0.232 | 1.50|1.61 0059 | 1180 | 1.63 | 5140
WATER o TWL-1| v | 0322 | 0.224 | | 1.59 0058 | 1182 | 1.76 | 4950
3.5% ave |aveftST1 |V 0323 | - - oos8 | 1163 |1 -
NaCl TsL-1 | v | 0323 | 0.228 1.60 0058 | 1162 | 365 | 1250
- ’ 0.058 | 1153 1.66 | 5120
AceToNE ave | amelTAT-1 | V| 0322 0.236 1.62 _
TAL-1 | V | 0.321 | 0.236 163 | = | ooss | 1148 1.65 | 5040
DYE ame | amsl™0T-1 | V| 0322 0.228 160 | 2 | ooss | 1140 1.90 4180
PENETRANT TDL-1 Vv 0.323 | 0.240 1.61 E 11381 2.74 2280
= | 0.059
METHYL - . Z 1o 1185 | 2.0 | 3800
METHML ave |ampIMOT-1 V| 0323 0.232 150 | G 058
(DILUTE) T™DL-1 V | 0.324 | 0.226 1.61 ;| 0.058 | 1183 | 3.27 | 145C
METHYL - . 0058 | 1385| 1.64 | 5400
METHML, ave |ame[IMET-1] V| 0.321 0.228 K 60 :
KETONE . TMEL-1] V | 0.324 | 0.228 1.61 0058 | 1383 | 1.64 | 4990
ETHYL - ] ) 163 0.058 | 1375| 166 | 5320
ETHYLL amve |amefrET-1 |V | 0323 0.232 6
(PURE) TEL-1 | V | 0.324 | 0.228 1.61 0059 | 1373} 168 | 5180
ETHY =] - . 0 1195 | 1.81 | 4800
ETHYL L S| ams |ams TEDT-1| V | 0.325 | 0.236 | §y | 1.62 0.059
(DILUTIE) g TepL-1} vV | 0.323 | 0.228 | 150 1.60 0059 | 1193 222 | 3250

{> SUSTAINED GROWTH OUT OF PLANE
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BASE METAL STRESS CORROSION DATA

' LOADED IN ENVIRONMENT

SURFACE FLAWEL SPECIMEN DATA
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Table B1: COMPLIANCE DATA FOR 2219 ALUMINUM DCB SPECIMENS

TEST IDE GROOVE | CRACK | compLIANCE| 2
CONDITIUN | TEMP | SPECIMEN| 5 LenatH | COM L'ANSE 0 | (k) CRIT
(©F) | NUMBER ["sHapE [DEPTH | (in) INn/LB X 108 | IN)| ksI VTIN.
1.77 500 0.86
2.00 6.45 0.89
SEMI- :
AR20-1 010 | 226 8.27 .90
CIRCULAR 2,52 10.68 095
2.77 12.94 0.94
3,00 16.67 097| 322
72
BASE .
METAL 1.75 4.36 0.85
SEMI- 2,00 6.64 0.90
AR20-2 |circuLAR! 0:10 225 8.28 0.91
250 10,42 0.94
2.80 13.26 094
SEMI- :
AR20-2A | Jior 4ot 010 | 170 4.66 086 316
SEMI-
AR20-3 |circuLar| 010 | 174 4.40 08r! 384
-320 .
SEMI-
AR204 |dircuLar| 010 | 175 4.29 081 3717
AW-1 VEE 010 | 165 4.70 0.90 -
WELD 72 AW-3 VEE | 010 | 168 468 087| -
METAL AW-2 VEE 010 | 162 4.60 089| -
-320 | AW-5 VEE 0.10 | 1.66 4.48 0.90 -
NOTE: BASE METAL SPECIMENS 1.00 INCH THICK

WELD METAL SPECIMENS 0.95 INCH THICK

PRECEDING PAGE BLANK NOT FILMED
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Table B2: COMPLIANCE DATA FOR 5A1-2.5 Sn (ELI) TITANIUM 0.375-INCH THICK DCB SPECIMENS

TEST SIDE GROOVE | CRACK | cOMPLIANCE]| a K
CONDITION | TEMP 2’5&3‘2&” LENGTH 6 | .0 Vary
(9F) SHAPE | DEPTH| (IN ) IN/LB X 10° | (IN)| KSIVTIN.
1.77 7.80 0.75
TV20-1 | VEE 0.038 2,00 9.92 0.7
2.25 12.45 075| —
72 1.77 8.12 0.79
BASE TR30-1 | SEMI- 0056 | 205 1071 0.79
METAL CIRCULAR 230 13.48 079| -
TV30-1 | VEE C.056 1.66 6.49 0.69
1.94 9.54 077) -
TR30-2 |SEMI- 0.086 | 177 6.57 0.65
-320 CIRCULAR 2.10 9.05 0.63
TV20-2 |VEE 0.038 | 1.77 7.08 673| 676

Table B3: COMPLIAN:E DATA FOR 5A1-2.5 Sn (ELI) TITANIUM 0.350-INCH THICK DCB SPECIMENS

TEST SIDE GROOVE | 6RACK | compLiaNC
CONDITION | TEMP iﬁﬁ "gg“ | LENGTH ANGE 3y | Ka v
1.62 7.22 0.77
T-5 VEE 0.053 1.85 9.34 0.78
2.1 12.09 0.78 -
72
BASE T-1 VEE 0.053 60 0.79 115
METAL 1. 7.18
T-2 VEE 0.053 | 163 7.29 0.77 -
320 | T-3 VEE 0.053 | 1.61 6.64 0.77 53
423 | THE-4 VEE 0053 | 165 7.00 0.80 51
TW2 VEE 0053 | 161 7.87 0.75 -
72 T™W3 0053 | 1.67 -
WELD VEE 8.79 0.80
METAL 2320 TWI VEE 00531 1.66 7.46 0.72 81.7
-423 | Twa VEE 0.053 | 1.67 743 0.78 58.0
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Table C1: SUMMARY OF TEST SPECIMENS

s b i s v e

TES
PROGRAM EST SPECIMEN SPECIMEN
PHASE MATERIAL TEMP | TyPE CONFIG
: TYPE (OF) (FIGURE NO.)
MECHANICAL PROPERTY ALL TENSILE C10a
A1-2219-T87 SUSTAINED LOAD ALL DCB cs
BASE METAL SUSTAINED LOAD ALL SF C1
3A1-2219-T87 MECHANICAL PROPERTY ALL TENSILE C10a
WELD METAL SUSTAINED LOAD ALL DCB c8
SUSTAINED LOAD ALL SF c2
Ti-5A1-2.56N MECHANICAL PROPERTY ALL TENSILE C9a
| BASE METAL SUSTAINED LOAD (SL) ALL DCB c8
SUSTAINED LOAD (SL) 72 SF Cc3
SL VARIABLE THICKNESS | 72 SF C5
SL VARIABLE THICKNESS | -320 SF Ccé6
SL VARIABLE THICKNESS | -423 SF c7
Ti-5A1-2.55N MECHANICAL PROPERTY ALL TENSILE C9a
WELD METAL SUSTAINED LOAD ALL DCB Cc8
SUSTAINED LOAD 72 SF Cc4
-320 SF C5
-423 SF Cc6
ALL ALUMINUM| MECHANICAL PROPERTY ALL TENSILE C10a
ALLOYS PROOF OVERLOAD ALL | SF c1
SUSTAINED LOAD ALL SF c11
" Ti-6A1-4V MECHANICAL PROPERTY ALL TENSILE C10b
Ti-bA1-2.55N MECHANICAL PROPERTY ALL TENSILE Cc9
ALL TITANIUM | SUSTAINED LOAD ALL SF c12
ALLOYS
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