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FOREWORD

This report describes an investigation of fracture characteristics and cyclic
flaw growth in weldments of 2219 aluminum and 6A1-4V titanium performed by The
Boeing Aerospace Company from June 1971 through October 1972 under Contract
NAS 3-14386. The work was administered by Mr. John A. Misencik of the NASA
Lewis Research Center.

Boeing personnel who participated in this investigation included J. N. Masters,
Program Manager, and W. L. Engstrom, Principal Investigator. W. b. Bixler
assisted in analyzing the cyclic test results. Test support was provided by

A. A. Ottlyk on non-hazardous testing and by G. E. Vermillion on hazardous
testing. Welding support was provided by C. W. Bosworth (aluminum) and ‘

J. Mallas (titanium). Metallurgical support was provided by E. C. Roberts.

Don Good and G. Buehler prepared the art work.

The information contained in this report is also released as Boeing Document
D180-18189-1.
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SYMBOLS AND ACRONYMS

a Crack depth of semi-elliptical surface flaw,

A Critical crack depth at which breakthrough or failure occurs during
a proof test.

a Tnitial crack depth at Operating stress level.

BY Breakthrough of surface flaw to the backside of the specimen.

7¢ Flaw length of semi-elliptical surface fiaw and through-the-

thickness flaw.
Crack opening displacement constant.

(o]

Cob Crack opening displacement.

£ Youngs Modulus.

£DM Electrical discharge machine

GOL Growth on loading.

KI Irwin Stress Intensity.

KIE Surface Flaw Stress Intensity.

Klﬁﬁx Maximum Cyclic Surface Flaw Stress Intensity

KCNL Through-the-thickness Center Notch Stress Intensity.

KR Stress Intensity ratio relating operating stress intensity
to proof stress intensity in evaluation of cyclic test results.

MK Deep flaw magnification factor.

N Wumber of fatigue cycles.

NA Not available.

Q Flaw shape parameter =<bz - 0.212(0/0y)2.
R Cyclic stress ratio.

t Thickness of specimen at flaw plane.

t Ligament size (=t-a)}.

W Width of specimen at flaw plane.

8 Crack opening displacement.

Gs Uga Og Applied gross stress.
Stress level at which fiaw breakthrough occurs.

(o]

GE Stress level at which backside dimpling takes place. -
OMAX Maximum Cyclic Stress Level.

Iy Net section stress.

% Operating Stress Level,

op Proof Stress Level.
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SYMBOLS AND ACRONYMS (Continued)

ny , ”y Yield strength.
o Ultimate strength,

Uu Poisson's ratio.

i) Complete e111pt1ca1 énteur?1 of the second kind corresnonding to
medulus k = y/¢ ]

-~ Cycle(s}.

SUBSCRIPTS

f final condition.

i initial condition.
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SUMMARY

This experimental program was undertaken to determine static failure mode

and failure strength and to determine the effects of proof testing on sub-
sequent cyclic 1ife in weldments of 2219-T87 aluminum alloy and 6A1-4V STA
titanium alloy. The ultimate use of the data generated herein is application
to thin walled tankage such as employed in Space Shuttie systems. Gages
tested included 1.60 wm {0.063 inch}, 2.67 mm (0.105 inch) and 7.62 wm {0.300
inch) for the aluminum and 0.51 am {0.020 inch}, 1.78 mm {0.070 inch) and
5.33 mm (0.210 inzh) for the titanjum, Families of maximum flaw size curves
surviving room temperature proof tests were determined and specimens con-
taining flaws only slightly smaller than these maximum flaw sizes were tested
under cyclic fatigue loading, both with and without prior procf. In addition,
failure stresses and associated flaw sizes were determined at LNZ and LHZ

temperatures for the altuminum and LH2 temperature for the titanium.

Results of aluminum weldment static tests indicate Teak before break mode is
assured at the following stress levels:

THICKNESS TEMPERATURE  °K (°F}

mm( inch) RT, 295(72) l..N2 78 (-320) LH2 20 (-423)
1.60 {0.063) 0.7 < c/oys<1.9 0.7 < ﬁ/gy5<1.0 0.7 « n/oys<0.85
2.67 {0.105) 0.7 « ¢/a 1.0 0.7 < o/fs _<1.0 6.7 = ofa_ .

ys L ¥ ¥s
7.62 {0.300) 0.7 < U/oy5~|.0 0.! < u,qys<0.91 0.7 = G/Uys

Results of titanium weldment static tests show that leak before break mode
is assured only for the 0.51 mm (0.020 inch) material at Q.70 Uy at room and

LH, temperatures.

The stress level at which leakage occurs can not presently be predicted, how-
ever, it appears to be strongly dependent upon flaw depth-to-thickness ratio,
flaw shape and yield strength.



A successful proof test of materials in which leak-before-break mode
prevails can provide assurance of subsequent safe 1ife operation. While
significant flaw growth can occur during a proof test of these materials,
subsequent retardation in cyclic growth more than compensates for the
proof test "damage".



1.0 INTRODUCTION

The semi-elliptical surface flaw is an excellent model of common failure ori-
gins in aerpspace structure and so has been the object of considerable study.
This type of defect is especially prevalent in failure analysis reports of
welded aerospace pressure vessels and to a lesser degree, percentagewise, in
aircraft primary structures.

Pressure vessel design methods have been developed (1)* for assuring that
crack-like defects will not grow sufficiently to initiate failure during the
required operational life. Similar efforts are now underway to develop more
effective quidelines for assuring structural integrity of military aircraft(z).
A large part of the data used in the formulation of the procedures of the
reference 1 monograph resulted from testing and analysis of surface flaws in
retatively brittle materials. Flaw and plastic zone sizes usually were rela-
tively small with respect to other specimen or structure dimensions. The most
significant structural failures of high performance aircraft, those prompting
accelerated Air Force research efforts, also involved surface defects in high

strength (brittle) materials.

With the above situations the defect becomes critical before it can grow
through the thickness and become detectable. Catastrophic failure can and has
occurred. Exact stress intensity solutions for these conditions are not avail-
able, however, the solution due to Irwin(s) for shallow surface flaws when
combined with Kobayashi's original deep flaw magnification values has proven
to be quite useful in solving practical engineering problems.

Recognition of the factors causing these past failure problems has resulted
in gradual but marked changes in new designs and structures. Improved mater-
ials and material processing, and reduced strength and stress levels have
combined to result in conditions in which critical flaw sizes épproach or
exceed the wall thickness of the structure. While this improves structural

* numbers in parenthesis refer to references at end of report



safety and durability, it complicates the failure mode and life prediction
efforts. The previously developed analytical procedures based upon modified
1inear elastic fracture theory become increasingly ineffective as flaw and
plastic zone size becomg large with respect to other dimensions, and one must
rely heavily on experimental results.

Initial experimental work devoted strictly to the deep flaw problem was ini-
tiated in 1967 and js published in Reference 4. This work involved static
and cyclic testing of 2219-T87 aluminum and 5A1-2.55n titanium base metail anu
weldments. Very thick and very thin gages of material were tested to bracket
the probiem. Values of a/t and a/2c were systematically varied to cover a
complete range of flaw sizes and shapes. The resulting data were analyzed

to determine deep flaw magnification factors, HK, which could be applied to
the Irwin stress intensity sofution. It was concluded that these values of
MK applied for net failure stresses up tg 0.90 Sys and ligament thicknesses
(tn = ¢ - a) greater than 0.20 (KIE/cys} . Instrumentation was not available
during the Reference 4 program to detect stable flaw growth preceding frac-
ture, however, it was suspacted that such behavior did affect both static and
cyclic behavior.

(5)

static and cyclic behavior of flaw depth, flaw shapes and thicknesses thru

A subsequent experimental program was undertaken to further expliore the
that range where failure mode changed from "catastrophic failure" to leak-
before-failure. Base metal tests of 2219-T87 and 7075-T651 aluminum and
6A1-4Y titanium were tested in a manner similar to that of the Reference 4
program and several intermediate thicknesses were added to expand appli-
cability of the results. Instrumentation was added to detect flaw break-
through (leakage)}. Cyclic and sustained load tests were run with and without

a simulated proof overload. Results indicated that K
(4’6 37)

[E values obtained from

any of three available deep flaw solutions can be used to describe
failing stress/flaw size locii for a wide range of thicknesses, flaw shapes,

alloys, and stress loads. These ranges were

a) for maximum failing stresses of about 0.90 9s
. . Kig, 2
b) for minimum thickness of about 0.25 (EH-J ; and
vs



K
c) for ligament size greater than about 0.10 (EEEJZ.
For ligaments less than this value, leakage 7°

prior to failure would be expected.

It was concluded that cyclic flaw growth rate data can also be adequately
described as a function of applied KIE levels (using deep flaw magnification
factors) within the same limits set for static testing noted above. Addi-
tionally, it was observed that proof overloads generally resulited in subse-
guent retardation in cyclic flaw growth rates.

While the two programs of References 4 and 5 generated much useful data on
base metal materials, there was still a Tack of data relating to weldments.
Thus the present work on weldments is a necessary and natural addition to the
two earlier programs. At the beginning of this test program preliminary
design studies had shown that primary Space Shuttle propellant tanks would
very probably be fabricated from 2219-T87 aluminum alloy with weld land thick-
nesses varying between 1.02 mm (0.040 inch) and 7.62 wm (0.300 inch). Maximum
proof stress levels on the order of 0.9 to 1.0 Iys would be used. A wide
range of auxilliary tankage is required, and some undoubtedly would be fabri-
cated of 6A1-4Y STA titanium in several gages ranging possibly from 0.51 mm
{0.020 inch) through 6.35 mm (0.250 inch). For tankage having the foregoing
characteristics, it was anticipated that in many cases, embedded or surface
crack defects would not become unstable at typical proof pressure levels,
Thus, i1t was not clear whether proof testing could be used as an effective
tool in assuring safety of the planned tankage. Since inception of this
program, major Shuttle configuration changes have occurred, however, the gages
and alloys selected are still applicable to the majority of tankage planned

for use on the Shuttle system.

Primary objectives of this program thus were to evaluate the flaw growth and
failure characteristics of weldments of alloys applicable to planned aero-
space hardware and to reduce the resulting data in a manner required for

design usage.



Static fracture tests of weldments were performed using surface flawed 2219-T87
aluminum specimens of 1.60 mm (0.063 inch), 2.67 mm (0.105 inch) and 7.62 mm
(0.300 inch} at room temperature, 78°K (-320°F) and 20°K (-423°F). Titanium
weldment (6A1-4V) specimens were tested in thicknesses of 0.51 mm (0.020 inch},
1.78 mm (0.070 inch) and 5.33 mm (0.210 inch) at room temperature and at 20°K
(-423°F). Specimens were tested using a wide range of a/t and a/2c values in
order to fully characterize the effects of these variables. Results of these
tests are analyzed to determine combinations of maximum flaw depths as affected
by flaw shape which can survive a vessel proof test (i.e., no Teak-no fail}.
Subsequent testing consisted of conducting cyclic tests to determine crack
growth rates and cyclic Tife. These test specimens were run in pairs; one
specimen was cycled to failure or leakage; the other received a simulated proof
overload and then was cycled. The data were then analyzed to determine the
effects of the proof overload for the several combinations of shapes and depths
which would barely survive the overload cycle.

The following sections of this report describe materials and procedures, and
include a presentation and discussion of results. Applicable data from prior
programs are compared with results of this program in the discussion section.



2.0 MATERIALS AND WELDING

2.1 Aluminum

The aluminum specimens were fabricated from both 3.18 mm (0.125 inch) sheet or
12,70 mm (0.50 inch} plate. The alloy was 2219-T87. The 3.18 mm (0.125 inch)
sheet was ordered per Boeing specification BMS 7-105C and the 12,70 mm {0.50

inch} material was ordered per the equivalent Military Specification MIL-A-8920-A.
Each thickness of material was from a single heat. As determined by Boeing

tests, both thicknesses had cleanliness ratings better than Classification "A"

per ASTM E45-63. Chemical composition of the aluminum as determined at Boeing

is shown in Table 1.

The welding of the aluminum panels was accomplished using a Welduction mechan-
ized gas tungsten arc (GTA) welder. 2319 alloy weld wire was used in the
welding of the 3.18 mn (0.125 inch) sheet. The cleanliness rating of the weld
wire as determined by Boeing was Classification "A" per ASTM E45-63. The chem-
ical composition of the 2319 weld wire as determined at Boeing 1s shown in
Table 2. HNo weld wire was used to weld the 12.70 mm (0.50 inch) plate. A
square butt edge preparation was used on all panels.

Just prior to welding, the machined joint edges were cleaned with MEK and
scraped to remove surface oxides. Welding was performed in the downhand posi-
tion using direct current straight polarity (DCSP) gas tungsten arc procedures.
A single pass on one side was used for the 3.18 mm (0.125 inch) sheet and a
single pass on both sides was used for the 12.70 mm (0.50 inch) plate. The
weld was parallel to the major rolling direction of the material. OCther weld
parameters are listed below:

3.18 mm (0.125 inch) weldments

Travel: 180 mwr/min {7 inch/min)
Voltage: 14.0 ¥
Amperage: 145 A

Torch gas: Helium @ 2.5 m3/hour (90 fts/hour)



3.18 mm {0.125 inch) weldments, cont'd.

Backup gas: Helium @ 0.6 m3/hour (20 fts/hour)

Electrode: 3.18 mm {0.125 inch) diameter, 2% thoria

Wire travel: 500 mm/min (20 inch/min)

Backup bar: Cooper, 4.3 mm (0.17 inch} wide, 1.3 mm
(0.05 inch) deep

Hold down bars: Copner, spaced 6.4 mm {0.25 inch) each

side of weld centerline.

12.70 mm (0.50 inch) weldments

Travel: 100 mn/min (4 dinch/min)

VYoltace: 13.5 V

Amnerage: 265 A on first pass, 260 A on second pass

Torch gas: Helium @ 2.5 m>/hour (90 ££3/hour)

Backup gas: Helium @ 0.6 m"/hour (20 Ft3/hour)

Electrode: 3.18 mm (0.125 inch) diameter 2% thoria

Backup bar: Coprer, 4.3 mm (0.17 inch) wide, 1.3 mm
(0.05 inch) deen

Hold down bars: Conper, snaced 6.4 mm (0.25 inch) each

side of weld centerline.

No heat treatment was conducted after welding and all weldments were X-rayed
to Boeing BAC 5935 Class A accentance criteria. Macrographs of typical
aluminum weldments are shown in Figure 1.

2.2 Titanium

The titanium specimens were fabricated from both 2.03 mm {0.280 inch) 6A1-4V
sheet or 6.35 mm (0.250 inch) 6A1-4V plate purchased per Boeing specification
XBMS 7-174B. This specifies upper limits on aluminum and oxygen contents of
6.3% and 0.13% respectively. The heat treat condition of the 2.03 mm (0.080
inch) sheet was Condition I1I, STA 811°K (1000°F). The 6.35 mm (0.250 inch)
plate was ordered in Condition I, Mill-Annealed: it was subsequently heat
treated at The Boeing Company to Condition I1I, STA 811°K (1000°F). As deter-
mined by Boeing tests, both thicknesses had cleanliness ratings of Classifica-
tion "A" or better per ASTM E45-63. Chemical composition of the titanium as
determined at Boeing is shown in Table 3.



The welding of the titanjum panels was accomplished using a Yickers "400"
welder in a Wolff Inert Atmosphere chamber. The welding was performed in the
down hand position using DCSP. A square butt edge preparation was used for
the 2.03 mm (0.080 inch) sheet material. Filler wire was not used in welding
the sheet material. The edge preparation for the 6.35 mm {0.25 inch) plate
material was a double "U" edge containing two 2.54 mm (0.10 inch} radii cut

so that they culminated in a 1.25 mm (0.050 inch) nose thickness. Titanium
6AT-4V filler wire was used in welding of the plate material. The cleanliness
rating of the weid wire as determined by Boeing was Classification "A" per
ASTM E45-63. The chemical composition of the filler wire as determined at

Boeing is reported in Table 4.

Just prior to welding, the materials were cleaned using a nitro-hydrofluorine
acid cleaning, descaling and etching process. A single fusion weld pass on

each side was used for the 2.03 mm (0.080 inch) material. A single fusion weld
pass on one side was followed by a single weld filler pass on each side for the
6.35 mm (0.25 inch} plate. The weld was parallel to the major rolling direction
in both thicknesses. Other weld parameters are listed below:

2.03 mm (0.080 inch) weldments

Travel: 203 mm/min (8 inch/min)

Voltage: 1y

Amperage: a0 A

Torch gas: Argon

Electrode: 2.38 mm (0.094 inch) diameter, 2% thoria
Backup bar: Copper

Hold down bars: Copper, spaced 12.7 mm (0.50 inch) each

side of weld centerline

6.35 mm (0.250 inch) weldments

Travel: 152 mm/min (6 inch/min) on all passes

Voltage: 12 V on fusion pass, 13 V on filler passes

Amperage: 190 A on fusion pass, 160 A on filler
passes

Torch gas: Argon



6.35 mm (0.250 inch) weldments, cont'd.

Electrode: 3.18 mm (0.125 inch) diameter, 2% thoria

Wire Travel: 737 mm/min {29 inches/min) on filler
passes only

Backup bar: Copper

Hold down bar: Copper, spaced 12.7 mm (0.50 inch) each

side of weld centerline.

After welding, the titanium was stress relieved in a vacuum furnace at 811°K
(1000°F) for 4 hours. The weldments were X-rayed to Boeing BAC 5935 Class A
acceptance criteria. Macrographs of typical titanium weldments are shown in
Figure 2,

10



3.0 PROCEDURES
3.1 Specimen Fabrication

3.1.1 Tensile Specimens

Tensile specimens for base metal 6A1-4V titanium alloy and the 2219-T87 aluminum
base metal and weldment were fabricated per Figure 3. Titanium base metal spec-
imens in the 0.51 mm (0.020 inch) and 2.03 mm (0.080 inch) thickness were cut
from 2.03 mm {0.080 inch) sheet meterial. The 6.35 mm (0.25 inch) titanium base
metal specimens were cut from 6.35 mm (0.25 inch) plate material. Base metal
aluminum specimens in the 1.60 mm (0.063 inch) and 3,18 mm (0.125 inch) thick-
nesses were cut from 3.18 mm (0.125 inch) sheet material, while those in the
7.62 mm (0.30 inch} thickness were cut from 12.70 mm (0.50 inch) plate. Tests
were conducted on specimens with the loading axis oriented parallel (longitu-
dinal) to the major rolling direction and on specimens with the loading axis
oriented perpendicular (transverse) to the major rolling direction.

The 1.60 mm {0.063 inch) and 2.67 mm (0.105 inch) aluminum weldment specimens
were cut from 3,18 mm (0.125 inch) welded sheet. Aluminum weldment specimens
in the 7.62 mm (0.30 inch) thickness were cut from 12.70 mm (0.50 inch)
welded plate. The specimens were cut so that the weld extended across the
reduced section of the specimen.

The tensile strengths of the titanium weldment specimens were anticipated to he
approximately the same as the tensile strengths of the base metal. Therefore,
a modified version of the specimen shown in Figure 3 was used for titanium
weldment tests. In order to insure a failure at the weld, this specimen was
prepared with an additional neckdown as shown in Figure 4.

Weldment specimens of titanium in the 0.51 mm (0.020 inch) and 1.78 mm (0.070

inch) thicknesses were cut from 2.03 mm (0.080 inch) welded sheet. The 5.33 mm
(0.21 inch) specimens were cut from 6.35 mm (0.25 inch) welded plate.
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3.1.2 Surface Flawed Fracture and Cyclic Crack Growth Specimens

Aluminum base metal fracture test specimen configurations are shown in Figures
5, 6, and 7. Base metal titanium static fracture specimens are shown in Figures
8, 9, 10, and 11. Aluminum weldment specimen configurations are shown in
Figures 12 through 16. The titanium weldment specimens are shown in Figures 17
through 23 and in Figure 8. The specimen configurations used were such that

the specimen width was at least 4 times the flaw length.

Base metal specimens were fabricated so that the loading axis was perpendicular
(transverse) to the major rolling direction (WT loading/propagation orientation).
Weldment specimens were fabricated so that the weld extended across the reduced
section of the weld, perpendicular to the loading axis. Loading holes were
drilled and reamed either by a numerically controlied milling machine or by a
standard drill press using drill jigs. Surface flaws in the weldment specimens
were located in the centerline of the weld. The reasons for this flaw location
are presented in Section 3.4.

A1l initial flaws were prepared by using an electric discharge machine {EDM)
to introduce an initial flaw. The EDM flaw was then extended using Tow stress
fatigue. Maximum cyclic stress levels used for aluminum base metal specimens
varied from 69 to 103 MN/m2 (10 to 15 ksi). The number of cycles varied from
5 to 35 thousand depending on initial flaw size and cyclic stress. Titanium
base metal specimens were precracked at 207 to 310 MN/m2 {30 to 45 ksi) in

2 to 12 thousand cycles. The majority of the aluminum weldment specimens were
precracked at 55 to 83 MN/m2 (8 to 12 ksi); the maximum precrack stress used
was 138 MN/m2 (20 ksi). The number of cycles required for precracking ranged
from 2- to 30-thousand. Titanium weldment specimens were precracked at 138 to
310 MN/m2 (20 to 45 ksi) in 1 to 22 thousand cycles. A microscope was used

to visually observe the flaw periphery in order to determine that precracking
was complete,

3.2 - Test Setups

A11 non-hazardous tests were conducted in an environmentaiiy controiled labora-
tory at the Boeing Space Center in Kent, Washington. Tests conducted at 78°K
(-320°F) utilized an environment chamber such as shown in Figure 24. This
chamber was installed around the specimen and it was then filled with enough
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liguid nitrogen (LN,) to completely cover the specimen. Specimens were soaked
at temperature for at least ten minutes before each test. All non-hazardous
static tests were conducted in a 534 kN (120 kip) Baldwin universal testing
machine, a 1110 kN cyclic/1330 kN static (250 kip cyclic/300 static) MTS
machine, or a 267 kN (60 kip) hydraulic test machine fabricated by Boeing.

A1l cyclic tests were conducted in the aforementioned MTS machine or the 267
kN (60 kip) Boeing machine,

Hazardous tests involving liquid hydrogen (LHZ) at 20°K {-423°F} were conducted
at Boeing's remote Tulalip test site. Specimens were installed in a eryostat
and pulled to failure in a 1779 kN (400 kip) Riehle hydraulic test machine.

'During static fracture tests, flaw growth through-the-thickness (breakthrough)
prior to ultimate failure was determined with the use of pressure cups and/or
examination of back surface strain gage data. In some cases it was found that
the strain gages located on the back side of the specimen interfered with the
pressure cup breakthrough determination. In addition, pressure cup utilization
was sometimes unsuccessful in testing aluminum weldments because the plastic
deformations in the weld during loading made it difficult to maintain a good
seal between the pressure cup and the specimen. However, because there was an
abrupt relaxation in the strain field surrounding the flaw when breakthrough
occurred, the strain gage records generally provided a reliable indication of
breakthrough as shown in Figure 25. Where strain gage and/or pressure cup data
records did not clearly show breakthrough, replicate specimens instrumented only
with pressure cups were tested to confirm breakthrough determinations.

The pressure cups were clamped to the specimens and a pressure differential

of approximately 3.5 to 7 kN/m2 (5 to 10 psi) was used. Helium gas was used

as the pressurizing medium. Pressure transducers were employed on the front
and/or backside to sense the pressure change associated with flaw breakthrough,
Pressure cups were utilized on all cyclic tests to assist in détermining break-
through. Examples of pressure cups are shown in Figure 26,
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3.3 Experimental Approach

3.3.1 Tensile Tests

Extensometers were used on all tensile specimens. Tensile specimens of the
weldments were also instrumented with 3.18 mm {(0.125 inch} gage length strain
gages placed on the weld bead. For the aluminum base metal and weldment
specimens and the titanium base metal specimens, the engineering yield
strength based on 0.2% offset yield in 50.8 mm (2.0 inches) was used. The
yield strength based on the strain gage measurements was used for the titanium
weldment specimens. Buring loading of the specimens a strain rate of 0.005
in/in/minute was used until the material yield strength was reached. A strain
rate of 0.10 in/in/minute was then used for the remaining portion of the
loading sequence until failure.

3.3.2 Fracture and Cyclic Crack Growth Tests

ATl static fracture surface flawed specimens were tested with targeted flaw
shapes (a/2c)i of 0.05, 0.15, 0.225, 0.30 or 0.45. Aluminum specimens were
tested in room temperature air, LN2 at 78°K {-320°F), or LH2 at 20°K (-423°F}.
Titanium specimens were tested in room temperature air or in LH2 at 20°K
(-423°F). Each specimen was loaded to failure in one to two minutes. The
static specimens were instrumented with pressure cups and/or back side strain
gages described above to determine if and when breakthrough occurred prior to
failure. The strain gages were also used to determine strain distributions on
the backside of the specimens in the area of the flaw, and to determine
dimpling.

Dimpling in this report is defined as the point at which the back side plastic
strain reaches 0.2% offset yield. While dimpling has been described elsewhere
(Reference 8) as an elongated surface depression visibly observed, direct
observation was not possible in this study. Strain gage and pressure cup
instrumentation made visual observation of the backside of the specimen vir-
tually impossible. 1In addition, the envirenment chambers used in the cryogenic
tests further complicate the problem. Therefore, in order to determine
dimpling on all the tests in a consistent manner, the 0.2% offset yield
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criterion described in Reference 5 was used and strain gages were judiciously
placed to ascertain when this dimpling occurred. In addition to the strain
gage used for dimpling determination, most static fracture specimens were
instrumented with at least two other strain gages.

In order to determine crack opening displacements (COD), specimens were
instrumented with a clip gage as shown in Figure 27. The c¢lip gage was spring
loaded against knife edges spot welded to the specimen. An expression for the
opening displacements of a completely embedded flaw has been provided by

Green and Sneddon (Reference 9). Their study examined a flaw embedded in an
elastic solid which was subjected to a uniform load normal to the crack sur-
face at infinity. The maximum opening displacement occurs at the diametrical
.center of the crack and is expressed by the equation,

2
cop=g=30-p7) g

E i)

jut]

Although a rigorous solution is not available for flaw opening displacements
for a semi-elliptical surface flaw, such displacements shouid also be propor-
tional to o and a/¢ for elastic materials. By following Irwin's procedure
{Reference 3) to account for the effect of plastic yielding, the COD for a
surface flaw can be approximated by

‘oa

s =S

where ¢ is a constant.

At the completion of static fracture testing, flaw sizes were determined which
would just barely pass proof tests to Oys
run on specimens which had these flaw sizes. Maximum cyclic test stresses
were 0.85 ¢ s OF 0.70 Oyst A stress ratio of zero was used for all tests.
Cycling was conducted both with and without prior proof testing to the above
mentioned proof 1oads. A1l cyclic tests employed sinusoidal loading.

or 0.91 Oyg Cyclic tests were then
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During proof testing, strain gage and COD records were monitored and whenever
failure appeared imminent, the proof test was terminated. Although this pro-
cedure necessitated proof testing in some cases to loads slightly different
than the target loads, it assured that critical conditions were approached

as closely as possible while minimizing the number of specimens which failed
during the proof cycle.

Cyclic specimens were instrumented with the clip gages described above to
determine COD during cycling tests. The COD measurements were used to calcu-
late instantaneous growth rates by using the following approach.

The crack opening displacement constant, C, can be determined at test initia-
tion and termination from knowledge of the stress level, initial and final flaw
sizes, and the corresponding flaw opening displacements as indicated below:

c, = (4,

C =6—.§'([§)f

where the subscripts i and f refer to initial and final conditions, respectively.

Tests have shown for relatively deep flaws in the tougher materials that the
value of C tends to increase with increasing crack size, rather than remain
constant. Crack growth rate calculations in this report were based on an
assumed linear variation in C between the known initial and final values.

In order to relate the flaw parameter (a/v'Q) to & for values of a/v/ Q) between
the initial and final values an assumption must be made as to the manner in
which the flaw shape changes from
a.- a 2c - (2c)i
ag - a; (ZC}f - (2c)1.L

i.e., both flaw depth and width growth simultaneously reach the same percent-
age of their respective total growth from initial to final values. The flaw
shape parameter, Q, can now be determined as a function of flaw depth and,
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in turn, can be related to crack depth. The number of cycles, N, corresponding
to each selected flaw depth value can be determined from the test record and,
consequently, the change in N for each increment of flaw depth is known. The
crack growth rate da/dN can then be calculated.

In addition to the clip gage, each cyclic specimen was instrumented with a
strain gage to determine dimpling and a pressure cup to determine breakthrough.
As mentioned earlier in the description of the static tests, the strain gages
sometimes interfered with the pressure cups. However, it was generally found
that if the pressure cup system failed to determine breakthrough, the break-
through could still be determined by examining strain gage and COD records for

‘any sharp changes.

Cyclic specimens which did not fail during testing were subsequently pulled to
failure.

3.4 Flaw Location in Weldment Specimens

A1l flaws in the weldment specimens were located in the weld centerline because
that is the most probable Tocation of a weld defect. Additional reasons for
testing at this location are presented below.

Witzell and Kropp(TO) evaluated fracture and flaw growth characteristics of
welded 2219-T81 aluminum. Included in their study were tests to evaluate
cryogenic and room temperature fracture toughness and cyclic flaw growth rates
in the various metallurgically different areas of the welid (i.e., weld nugget ,
fusion line, heat affected zone). They concluded that weld centerline tough-
ness was lower for most test conditions, and fatigue growth rates were faster
at all tempefatures than in any other area tested. Data in References 11 thru
13 further substantiate these results.

Comparable data concerning flaw locations in titanium we]dments'were limited.
That of References 14 and 15 indicated that weld centerlines might be the

most critical location, Tests were performed in order to determine which area
is the most critical part of the weld. Flaws were cut in the base metal (BM),
heat affected zone (HAZ), fusion line (FL) and centerline (CL) of 1.78 mm
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(0.070 inch) weldment specimens which were pulled to failure in room tewpera-
ture air. Test results are tabutated in Table 5 and plotted as a function of
location in Figure 28. The test results indicate no major differences in
Irwin fracture toughness for static failures. However they do indicate that
the CL flaw location is more susceptible to a Teakage prior to failure.

Placement of the flaws in the aluminum specimens was relatively easy hecause
the machined surfaces of the specimens displayed a definite contrast between
the weldment and the base metal. Determination of the weld location in the
titanium specimens was more difficult. It was necessary to etch the edges of
the titanium specimens with Kroll's Etchant to locate the weld.

3.5 Stress Intensity Solutions
3.5.1 Surface Flaws
Where stress intensity values are reported, they were based on the fallowing

expression from Reference 3:

= 1.95 o(a/Q)”2

~
I

where

-~
1]

I I'rwin stress intensity

a
1}

gross stress
flaw depth
shape parameter,

fam R o]
1

Values of Q are shown in Figure 29.

KIE values reported are calculated by multiplying the above expression by
appropriate NK terms developed in Reference 4 and shown in Figure 30.

3.5.2 " Through Cracks
Where through crack stress intensity values are reported, they were hased on
the expression from Reference 16:

ic

KCN = g« V7C * {sec m
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where
= through crack stress intensity

half flaw length
specimen width

-~
I

CN

= 0
fl
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4.0 TEST RESULTS AND ANALYSIS
4.1 Mechanical Properties

4.1.1 Base Metal

Tensile properties of the base metal materials used in the program are shown

in Tables 6 through 9. Tests of both alloys were performed at room temperature
in air and at 20°K (-423°F) in liquid hydrogen.

Measured properties are plotted as a function of test temperature in figures
31 through 33 for the aluminum alloy, and in Figures 34 through 36 for the
titanjum alloy. It is noted that the yield and ultimate strengths of the
7.62 mm (0.300 inch) aluminum plate are stightly higher than those of the
thinner gages. However, all properties are quite similar to those of the
2215-T87 stock tested in both References 4 and 5.

The titanium exhibited approximately the same yield and ultimate strengths at
room temperature for the three gages tested. At LH2 temperature, the 2.03 mm
(0.080 inch) specimens showed slightly higher strength Tevels than the 0.51 mm
(0.020) specimens. The 6.35 mm (0.250 inch) material showed LH2 strength
levels substantially lower than those of the thinner material. Properties

for the two thinner gages compare favorably with those of similarly processed
6A1-4Y¥ STA titanium tested in Reference 5.

4.1.2 Weldments

Tensile properties of the weldments are shown in Tables 10 through 14. Tests
of the aluminum weldments were performed at room temperature in air at 78°K
(-320°F) in 1iquid nitrogen and at 20°K (-423°F) in liquid hydrogen. The
titanium weldments were tested at room temperature and 20°K (-423°F).

Properties for the aluminum weldments are shown in Figures 37 through 39.
Note that yield strengths are shown as measured both by a 50.8 wm {2.00 inches)
extensometer (engineering yield) and by strain gages placed directly on the

PRECEDING PAGE BLANK NoT FILMED
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on the weld nugget. The engineering yield strength is used in subsequent
calculations, however it is recognized that the local (nugget) strength is
significantly less than the engineering yield strength. A1l other properties
are typical of 2219-T87 as welded joints'?)

Mechanical properties for the titanium weldments are shown in Figures 40
through 42. The yield strengths noted represent data from strain gages and
these values are used in later calculations. The strength values of the two
thinner weldments are seen to be slightly less than that of base metal.
Unlike the base metal, the thickest weldment exhibits strength similar to
that of the thinner weldments.

4.2 Static Fracture Tests

4.2.1 Base Metal Static Fracture Tests

Limited static fracture tests were conducted on both alloys at room temperature
in air and at 20K (-423°F) in liguid hydrogen for each of the three thick-
nesses noted earlier. Results are tabulated in Tables 15 and 16 for the
aluminum tests and in Tables 17 and 18 for the titanium tests.

In each of the above noted tables, specimen dimensions, location of back
surface strain gage to detect dimpling and test environment are shown in the
first several left-hand columns. The next columns show stress levels at
failure and as applicable at back side dimpling, and flaw break-through.
Subsequent columns show initial flaw dimensions as measured after fracture.

The last three columns show break through stress to yield strength ratios and
maximum stress to yield strength ratios, and for reference purposes only, the
calculated Irwin stress intensity value at break- ~-through or failure, which-
ever occurred first.

The dimple gage location noted is the angle formed between the plane of the

crack and the gage centerline on the back surface with the angle measured
radially from the crack tip. Based on analytical results of References 17
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and 18 and experimental work of Reference 5 maximum back surface strain
should occur at an angle of about 47° to 50°. Thus, the gages were located
at a targeted anale of 48°. Because of the very small dimensions involved
in some of the test specimens, there were occasionally retatively large
errors in the actual placement angle. This of course would result in an
over estimate of the dimpling stress.

2219-T37 Aluminum

The aluminum base metal fracture data are plotted in Figure 43 in terms of
applied stress versus initial a/t. Figure 43(a) includes data for a thick-
ness of 1.60 mm (0.063 in.); 43(b) for 3.18 mm (0.125 in.); and 43(c) for
7.62 mm (0.30 in.). Both room and cryogenic temperature test results are

shown. Open circles indicate leak-before-fail mode and solid circles denote
fail mode.

As can be seen from the tables and figures only four specimens failed before
break-through within or near the limits tentatively set for valid KIE results.
These were the two 1iquid hydrogen tests in the thickest gage {specimens
AB3-3 and AB3-4) and the deepest flaw tested at room temperature in each of
the two thickest gages {specimens AB2-2 and AB3-1). The two 1liquid hyarogen
tests in the 7.62 mm (0.30 in.) material yielded KIE values of 52.4 and %0.9
MN/m3/2 (47.7 and 46.3 ksivin). These values are about 6 percent Tower than
the values reported in Reference 4 for 2219-T87 base metal.

The calculated KIE values for the two room temperature tests are 41.0 and
41,5 Mi/m>2, (37.3 and 40.5 ksi/Tn) for specimens AB2-2 and AB3-1, respec-
tively. Both of these values are somewhat low when compared with previous
data. This probably results from the relatively high failing stress ratios
of around 0,30 Oys*
With one exception, the failure mode of all specimens shown in Figure 43
agreed witH predicted mode based upon initial Tigament size. The single
exception is specimen ABT1-2 which apparently failed before breaking through.

The initial ligament dimension for this specimen was about 0.04 ( _15_)2_

Uys
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6A1-4V Titanium

The titanium base metal fracture data are plotted in Figure 44 in terms of
applied stress versus initial a/t. Figure 44{a) includes data for the 0.51
mm (0.020 in,) thick specimens; 44(b) for the 2.03 mm {0.080 in.) specimens
and, 44(c) for the 6.35 mm (0.250 in.) specimens. The format is identical to
that of-the aluminum data figures. Six of the eleven specimens tested in
this series failed before leaking within the limits tentatively set for valid

KIE vajues. The results are shown below:

Ky - MN/m> 2 (ks vim)

THICKNESS - mm {Inch) ROOM TEMPERATURE LH, . TEMPERATURE
0.51 (0.020) , - 44.9 (40.9)*
2.03 (0.080) 48.5 (53.2) 42.7 (38.9)
6.35 (0.250) 93.3 (84.9) 58.4 (53.1)

* average of 2

It is seen from the above that the toughness of the 6.35 mm {0.250 in.)
material (Heat #304623) is significantly higher than the thinner gages (both
machined from Heat #304610). The room temperature toughness value shown for
the thick stock compares favorably with that obtained in References 15 and

19 for 6A1-4V STA titanium of comparable yield strength. The thinner specimen
stock exhibited higher yield strengths and this is probably responsible for

the lower toughness for these tests.

Constant KIE curves were calculated for all data except the 0.51 mm (0.020 in.
tests run at room temperature. These curves are plotted through the range of
applicability in Figure 44. The 0.51 mm (0.20 in.) specimens tested at room

temperature leaked before failing as would be expected for this thickness and

toughness.

A1l other specimens shown on Figure 44 failed in the expected mode except the
6.35 mm (0.250 in.) specimen with the deepest flaw. This specimen leaked and

then failed at only a two percent further increase in load.
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4.2.2 Weld Metal Static Fracture Tests
Results of the static fracture tests of surface flaw specimens are shown in:
Tables 19 through 21 2219-T87 aluminum weldments at room temp.

" 22 " 24 - " " " ! in Tiquid nitrogen
" 25 ! 27 - " ! ! " in 1iquid hydrogen
! 28 ! 30 - 6AT-4V titanium weldments at room temperature

" 31 " 33 ! " " " in liquid hydrogen

The makeup of these tables is identical to that of the earlier base metal
static test result tables except that an additional row is added. This row
includes calculated through-crack KCN values. This value is included for
specimens which leaked and then failed at a net section stress less than

0.80 o5 The KCN value is based on initial flaw length (2c) and maximum
Joad. In subsequent paragraphs the data of Tables 19 through 33 are analyzed
and discussed from the standpoint of (1) stress/flaw size relationship, (2)
through-crack analysis, (3) break-through stress analysis and, (4) back side
dimpling.

4.2.2.1 Stress/Flaw Size Relationship
2219-T87 Aluminum Weldments
The data of Tables 19 through 27 are plotted in terms of applied stress versus

a/t in Figures 45 through 47. So0lid circles indicate fracture mode and open
circles indicate leak-before-fail mode. Nominal a/2c values are noted in
parentheses., The room temperature data for all thicknesses and flaw shapes
are shown in Figure 45, Figure 45 (a) shows data for the thinnest gage
tested, 1.60 mm (0,063 in.). It is seen that all specimens tested in this
gage experienced flaw break-through prior to fracture. Curves were manually
faired through constant a/2c data points. It is seen that, for any given a/t
value, the required applied stress to cause leakage increases with increasing
a/2c value. This is analogous to briftle fracture behavior, but as shown
later, this behavior in thin materials is not relatable to applied stress
intensity as with the brittle materials.
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A similar plot for the intermediate thickness of 2.67 mm {0.105 in.) tested
at room temperature is shown in Figure 45(b). Behavior is quite similar to
that of the thinner gage data. Again, all specimens leaked before failing.

Figure 45(c) shows the room temperature test data for the 7.62 mm (0.30 inch)
thick specimens. Three of these specimens fractured before leaking but at
stresses well above engineering yield strength. From all of the room teni-
perature data shown in Figure 45 it is apparent that elastic fracture of weld-
ments in 22719-T87 vessels in thicknesses up to at Teast 7.62 mm (0.30 in.)
should be virtually non existent., This is of course a major reason for the
popularity of this alloy in aerospace structures.

Results of the 2219-T87 weldment fracture tests performed at 78°K (-320°F) are
shown in Figure 46. For the most part, results for all thicknesses are
similar to those of the room temperature tests. Leakage prior to failure is
observed in all specimens of the 1.60 mm (0.063 in.) and the 2.67 mm (0.105 in.
gages. Failure before leakage can cccur in the 7.62 wm (0.30 in.) thickness,
but only at stress levels at or above yield strength. Constant a/2c curves
for all thicknesses at 78°K (-320°F) are shifted upwards, as comparea to the
room temperature data. This shift is comparable to the corresponding increase
in engineering yield strength with decreasing temperature.

Test data for the 2219-T87 weldment static fracture tests performed at 20K
(-423F) are shown in Figure 47. Leakage mode still predominates, however,

it is seen that fracture can occur at levels slightly less than yield. One
data point piotted in Figure 47(c) exhibited a fracture mode at a stress
somewhat less than 0.90 ¢ S This was specimen #SAH 3-3-5 with a thickness
of 7.62 mm {0.30 in.). As seen in Table 27, the calculated Irwin K for

this specimen is 25.2 MN/m2 (22.9 ksiv/in). Back surface magnification would
elevate this value by another ten percent. This value is still much lower
than apparent K's obtained previously in 16.0 mm {0.625 1in.) wé]dments (e.q.,
Ref. (4)).' As noted earlier, the weld nugget yield strength under these test
conditions is significantly less than the engineering yield strength. The
stress at fracture for specimen #SAH 3-3-5 is above the nugget yield strength.
For this reason the toughness value listed above is not considered valid.
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6A1-4V Titanium Weldments .

The titanium weldment fracture data reported in Tables 28 through 33 are
plotted in Figures 48 (room temperature tests) and 49 (liquid hydrogen
temperature tests). The format and nomencliature of these figures are iaentical
to those of the aluminum in the praceding paragraphs.

The fracture data for the room temperature tests of the 0.51 mm (0.020 in.)
gage are shown in Figure 48(a). It i- -~-en that leakage prior to fracture
occurs for most specimens in the elas range, and that fracture can occur
only at stress levels approaching or exceeding yield strength. General trends
are similar to those of the aluminum except that the constant a/2¢ curves

are flatter at high stresses. This is due to the fact that the yield and
ultimate strengths are so close together.

The data for the 1.78 mm (0.07 in.) gage room temperature tests are shown in
Figure 48(b). The constant a/2c curves are comparable to those of the thinner
stock except for one data point. This is specimen #STR 8-1-4, the deepest

flaw with nominal a/2c¢ of 0.15 which fractured before leaking, Gross stress
at failure was 0.80 Oys? yielding a presumably valid KIE value of 68.0 MN/mE'/2
(61.9 ksi/in). This is somewhat higher than that obtained for base metal under
the same test conditions. With the above noted KIE value and ligament restric-
tions discussed earlier, one would expect leakage prior to fracture for any
flaw depth greater than about 0.75t. This is in good agreement with the exper-

imental findings shown in Figure 48(b).

The 5.33 mm (0.21 in.) weldment fracture data are shown in Figure 48(c). A
total of five specimens in this group failed within acceptable limits for
valid KIE measurement. Average calculated KIE for this set is 99.0 MN/m?’/2
(90.1 ksi/in) which compares quite well with the value obtained for the thick
base metal value-of 93.3 MN/m>/ % (84.9 ksiv/in). At this thickness and tough-
ness, leak before failure would be predicted for any flaw depth greater than
0.80t which again agrees well with observations.

The weldment fracture data obtained at 20K {-423F) are shown in Figure 49.
Data for the 0.51 mm {0.02 in.) gage are plotted in Figure 43(a). The single
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specimen which fractured elastically before Teaking yields a KIE value of

" 41.9 Mu/m>/2 (38.1 ksi/AW) which is about seven per cent less than that
obtained from comparable base metal tests. In this gage and test temperature,
leakage pridr to fracture would be expected for flaws deeper than about 0.80t.
White all flaws in this range did break-through several shallower flaws also
broke-through. Several of these specimens with shallower flaws did fracture
at only slightly higher stresses than the respective break-through stress.

Data for the 1.78 mm (0.070 in.) gage weldment fracture tests performed at
liquid hydrogen temperature are shown in Figure 49(b). KIE values were
obtained from six specimens. These values are summarized below:

y2 I o
SPECIMEN # a/2c MN/m (ksivin}
STH 8-1-1 0.15 59.8 (54.4)
STH 8-1-58 0.15 60.6 (55.1)
STH 8-3-1 0.29 58.9 (53.6)
STH 8-3-4 0.34 5.3 {50.3)
STH 8-5-1 0.47 54.4 (49.5)
STH 8-5-4 0.48 52.3 (47.6)

As noted in Section 4.2.1 a single base metal specimen for these test condi-
g value of 42.7 MN/m3/2 (38.9 ksivin}. Leakage occurred
in some specimens with ligaments greater than 0.10 (KIE/nys)z, this behavior
is similar to that of the 0.51 mm (0.020 in.) gage results.

tions resulted in a K

Static fracture data for the thick gage titanium weldment specimens tested at
17quid hydrogen temperature are plotted in Figure 49(c). One specimen leaked
before failing. Fracture load for this specimen was about four percent

higher than the break-through load. The remaining specimens failed elastically
and resultant KIE values can be considered valid., Results were:
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| 3/2 “Ie .
SPECIMEN # a/2c MN/m (ksivin)
STH 21-1-1 0.14 61.8 (56.2)
STH 21-1-2 0.14 54.5 (49.6)
STH 21-3-1 0.29 53.5 (48.7)
STH 21-3-2 0.28 67.9 (61.8)
STH 21-3-3 0.28 66.8 (60.8)
STH 21-3-1 0.46 59.3 (54.0)
STH 21-3-2 - 0.47 52.3 (47.6)
STH 21-3-3 .47 49.9 (45.4)

A single base metal KIE value for these test conditions was reported earlier
to be 58.4 MN/m>/2 (53.1 ksiv/in).

4.,2.2.2 Thru-Crack Analysis

It was observed in the work of References 4 and 5 that the fracture strength of
specimens which leaked prior to fracturing at elastic stresses could be pre-
dicted using the initial surface flaw length and the appropriate KCN value for
the material. It was believed that this would hold true for net section
stresses less than about 0.80 Oys -

The vast majority of the aluminum weldment specimens discussed in the preceding
section leaked before fracturing. Several Teaked at stress levels as low as
one-half the yield strength. However, in all cases fracture occurred at net
section stresses near or above the yield strength. Obviously the KCN values
for these aluminum weldments are in excess of that which can be developed in
the specimen sizes and crack lTengths which were tested.

In the more brittle titanium weldments tested several specimens leaked and
subsequently fractured at elastic stresses. KCN vaiues were calculated for
these specimens and are included in the test tables 28 through 33. For
clarity, tﬁe results are symmarized below:
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APPARENT K., - MN/m>/? (ksivim)

THICKNESS TEST TEMP
mm (inch) °K (°F) af2c = 0.05| a/2c = 0.15 af2¢c = 0.30 | a/2¢c = 0.50
5.33 (0.21) Room - 146.7 (133.5) - -

137.6 (125.2)

0.51 (0.02) | 20 (-423){ 82.6 (75.2) | 75.8 (89.0) | 56.2 (51.1) -
85.1 (77.4) | 69.5 (63.2) - -
90.8 (82.6) - - _
1.78 (0.07) | 20 (-423) - 82.5 (75.1) | 79.6 (72.4)]167.6 (61.5
75.1 (68.3) | 71.1 (s4.7)]66.0 (60.1
5.33 (0.21) | 20 (-423) - 84.5 (76.9) - -

There are very little KCN data available for comparison with the above. The
reduction in KCN for the thin gade specimens with decreasing temperature and
the ratio of KCN to KIE for the thin and intermediate gages appear reasonable.
It is noted that the apparent KCN for the 5.33 mm (0.21 inch) gage specimens
tested at 20°K (-423°F) is slightly higher than that of the 1.78 {0.07 inch)
gage specimens. Recall that the yield strength was lower and the KIE values
were higher for the heat of material used for the thicker specimens. Observa-
tion of the fracture faces of these specimens indicated full shear 1ips in the
intermediate thickness specimens and about fifty percent shear in the thicker
ones. Additionally, it is noted that apparent KCN values exhibit a slight
but consistent trend of reduced values with increase in a/2c.

4.2.2.3 Variables Affecting Break-Through Stress

From discussion and data presented in previous sections and the prior work

of Reference 5, it appears that fracture stress (in the elastic range) of
surface flaw specimens can be predicted using available solutions regardless
of failure mode. For specimens which fracture before leaking the prediction is
based upon surface flaw stress intensity solutions which incorporate back
surface magnification terms and thus failure strength is primarily a function
of flaw depth, flaw shape, thickness, and KIE' For specimens which leak
before fracturing, the final fracture strength is primarily dependent on

original surface flaw length and the KCNKvalue for the material. Additionally
IE
a

for predicting whether leakage will precede fracture.

use of a Tigament requirement of 0,10 ( ——;-)2 appears to be a useful criterion
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On the other hand, for those cases where leakage does precede fracture, pro-
cedures are not available for predicting the stress at which leakage will
occur. From discussions of Section 4.2.2 and from observation of the shape

of stress/flaw size curves it is apparent that stress at leakage is not
primarity dependent upon applied stress intensity. This is also borne out in
Figure 50. Here the data for the 2219 weldments are plotted to show the
observed relationship of flaw depth-to-thickness and flaw shape required to
cause leakage (or fracture) at yield strength for the various test conditions
studied in this program. These curves are cross plots of curves of

Figures 45 thru 47. Figure 50{(a) shows flaw-depth-to-thickness ratios and
a/2c combinations which will cause leakage at the engineering yield strength
at room temperature. The data are plotted in terms of a/t versus thickness
with the family of a/2c values tested. Open circles denote leakage, solid
circles denote fracture before leakage. In this instance (i.e., room tem-
perature) only leakage occurs. Of primary significance in Figure 50{a) is the
nearly horizontal slope of the curves. A stress intensity controlled process
would exhibit curves with a high negative slope. For example, the calculated
stress intensity for an a/t value of 0.70 and an a/2¢ of 0.15 is about 70
percent higher for the 7.62 mm (0.300 inch) thickness than the 2.67 mm (0.105
inch) thickness. A constant K curve would require the a/t value to drop to
about 0.40 at a thickness of 7.62 mm {0.300 inch). There is a gross correspond-
ence with stress intensity and the relative locations of the a/2c curves for a
given thickness. Calculated stress intensity is somewhat lower for the high

a/2c¢ ratios.

Curves for the cryogenic temperatures in Figures 50{b} and (c) are similar.
Interestingly the 78K (-320F) data are nearly duplicates of the room tempera-
ture curves. Note that the curves are plotted for leakage at engineering yield
at 78K (-320F). The curves for liquid hydrogen temperature tests, Figure

50(c) do show a drop in a/t values at all thicknesses and there is a mode
change to fracture before leakage in the thickest gage. Recall, however, that
both engineering yield and local yield strength increase rapidly below 78K
{-320F) with engineering yield increasing faster.
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It is concluded that leakage sf?gss is not K controlled. Rather, it appears
to be strongly dependent on yield strength, a/t and a/2c.

In Reference (5) a study was made of the amount of flaw growth which took

place on incredasing load. Crack growth driving and resistance curves were
constructed to describe instability for 12,7 mm (0.50 inch) thick base metal
specimens which fractured before Teakage. A similar attempt was made in this
program using data from proof overload specimens described later in Section 4.3.
However, data scatter precluded such an exercise. [t aid appear that stable
growth initiated at a relatively constant calculated stress intensity with

this level increasing slightly as thickness increases. Data for the 1.60 mm
(0.063 inch) gage specimens are shown in Figure 51.

4.2.2.4 Back Surface Dimpling
Recent studies of back surface dimpling have made use of inteferometric tech-
niques to study the surface displacements caused by the formation of plastic

zones(S’ZO).

Such techniques were not feasible on this program because
instrumentation used to detect flaw break through made the rear surface
inaccessible for direct observation. For this reason, strain gages were
affixed to the rear surface to detect plastic zone penetration. Strain gage

locations are noted in the data tables as described in Section 4.2.1.

For these tests it was assumed that dimpling had occurred when the maximum
strain on the back surface was equal to the yield strain of the material
defined by 0.20 percent offset. The gross section stress at which this
strain was reached is noted as the dimpling stress for each specimen in
Table 19 thru 66. [t is recognized that this definition of dimpling thres-
hald is somewhat arbitrary; however it does represent a procedure which is
fairly reproducible in view of the fact that we are considering lateral
deformations in the realm of a few hundred microinches. The procedure noted
above is identical to that used in the Reference 5 program. '

Results of the dimpling measurements are shown in Figures 52 thru 55. These

are plots of the crack aspect ratio a/2c, versus crack depth ratio, a/t at
the dimple stress to engineering yield strength ratio. Figures 52 and 53
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show results for the 2219 weldment data at room temperature and 20K (-423F),
respectively. Figures 54 and 55 show dimpling theshold for the 6A1-4V
titanium weldments at room temperature and 20K (-423F), respectively.

Included in the figures is a comparison of the raw data with threshold curves
(solid lines) estimated by the Dugdale model of plastic yielding proposed in
Reference 21.

In general, all figures show a definite trend for the data to group together

for a given applied stress ratio (cD/uyS) with the perceived dimple threshold
for a deeper crack occurring at a lower stress level as expected. The per-
ceived dimple threshold is also relatively insensitive to changes in crack
aspect ratio at all applied stress ratios. The agreement between predicted and
observed threshold of dimpling is relatively good, with the experimental points
having a consistent trend of lying on a slightly lower slope than that of
either the predicted curves, or of the curves of the Reference 5 data. Further,
it 1s seen that the test results are not strongly affected by test temperature.
Francis et al measured dimpling thresholds on 6A1~4V(20) and 2219—T87(8) alloys
at room temperature by visual methods. His results showed dimpling could be
visually observed at lower stress levels than those recorded in this program.

The test results of Figure 54 are replotted in Figure 56 in terms of a non-
dimensionalized form of stress intensity versus applied stress. This figure
was plotted in this form to determine whether or not the threshold of perceived
dimpling could possibly be used to estimate the corresponding stress intensity
factor for a given applied stress level and plate thickness. It is seen that
the estimate could be quite accurate at relatively high stress ratios, however,
if stress ratios decrease, the calculated stress intensity is strongly
dependent upon flaw shape.

4.3 - Cyclic Tests

The effects of flaw shape, proof overload cycle and stress level on the cyclic
life of various thicknesses of "as-welded" 2219-T87 aluminum and 6A1-4V STA
titanium were investigated and are presented in this section., A1l tests were
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conducted in laboratory air at 295 K (72 F) using surface flawed specimens,
The flaw shapes {a/2c values) for these specimens ranged from about 0.05 to
0.50 and the test cyclic stress Tevel was either 0.70 Ous or 0.85 Gys'
Specimens that were proof tested were proofed to a stress equal to %s or

0.91 « . The thicknesses investigated for the aluminum were 1.60 mm (0.063
inch), 2.67 mm (0.105 inch), and 7.62 mm (0.30 inch) while thicknesses for the
titanium were 0.51 mm (0.020 inch), 1.78 mm (0.070 inch), and 5.33 mm (0.2]

inch).

4,.3.1 Fatigue Crack Growth Rates
The cyclic crack growth rates for the materials investigated were determined
in terms of da/dN and are presented as a function of maximum stress intensity,

KI . The stress intensity values were calculated using the equation:
MAX

Ta y1/2
Q)M

MAX K

where the deep flaw magnification factor is defined in Figure 30. For specimens
receiving a proof test prior to cyclic testing, the amount of crack growth
-occurring during the proof test was not included in calculating the crack

growth rates. This growth-on-loading was clearly defined by the adjacent
precrack band and subsequent cyclic test band. For specimens that were not
proof tested, the amount of growth-on-loading that occurred on the first

cycle was not clearly defined and therefore was included in the growth rate
calculations. This procedure would result in somewhat higher initial apparent
cyclic crack growth rates than would actually exist.

For each thickness of material investigated, proof and non-proofed specimens
were tested. The stress conditions for the specimens which were proof tested

are presented beiow:

PROOF STRESS CYCLIC STRESS

1.0 dys 0.85 Uys
n - 0

1.0 s g.70 ﬁys

0.91 Uys 0.70 Gys
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The non-proofed specimens were cycled at the same cyclic stress levels as the
proofed specimens. The initial flaw sizes for these cyclic tests {proofed and
non-proofed specimens) were selected based on the flaw size that would just
pass the specified proof stress for a given flaw shape, as determined from

the prior static tests (ref. Section 4.2).

2219-T87 Aluminum
The cyclic crack growth rates developed for the "as-welded" 2219-T87 aluminum
are shown in Figures 57 through 65 as a function of stress intensity. The

crack growth rates obtained were very orderly when presented as a function of
stress intensity which incorporated a deep flaw magnification factor. The
specimens that were proof tested exhibited slightly retarded growth rates
compared to the non-proofed specimens as illustrated in Figure 66. The amount
of retardation also appears to increase for the proofed specimens having

tow a/2¢ values (long flaws), as observed in Figure 61 through 65. In general,
these cyclic crack growth rate curves do not show a dependency on flaw shape
for the majority of tests conducted. The variation in flaw shape is accounted
for in the calculation of stress intensity in terms of the flaw shape para-
meter, Q. The specimen and test details for these tests are presented in
Tables 34 through 51.

A summary of the cyclic crack growth rates obtained for the "as-welded" 2219-T87
aluminum material tested is presented in Figure 67. A1l of the data presented
in Figures 57 through 65 are incorporated into Figure 67. There appears to be

a slight increase in cyclic growth rates at a constant stress intensity value

as material thickness decreases. This same phenomena was observed for 2219-T87
aluminum as presented in Reference 4 and 5. As Figure 67 illustrates, the
cyclic crack growth rates are grouped within fairly narrow scatterbands for

each material thickness, even though a wide range of flaw shapes, proof stress
levels and cyclic stress levels were tested,

6A1-4V STA Titanium
The cyclic crack growth rates developed for the "as-welded" 6A1-4V STA titanium

are shown in Figures 68 through 76 as a function of stress intensity. The
data presentation for the titanium cyclic crack growth rates is the same as that
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used for the aluminum, and the results obtained are similar., The crack growth
rates obtained were very orderly and within the 1imits of the data generated,
no dependency of crack growth rates on flaw shape was observed. The specimens
that were proof tested exhibited moderately retarded growth rates compared to
the non-proofed specimens. The amount of retardation is summarized in Figure
77 for the material thicknesses tested. The specimen and test details for
these tests are presented in Tables 52 through 69,

A summary of the cyclic crack growth rates obtained for the "as-welded" 6A1-4V
STA titanium is presented in Figure 78. All of the data presented in Figure 68
through 76 are incorporated into Figure 78. Although the scatterbands for the
titanium results are somewhat larger than those reported for the aluminum, there
still appears to be a dependency of cyclic crack growth rates on material thick-
ness. In general, the growth rates increase for decreasing material thickness at
a constant stress intensity level.

4.3.2 Influence of Flaw Shape on Cyclic Life

One fundamental question which requires answering is what influence does the
flaw shape have on the cyclic life of a pressure vessel that has been proof
tested? As jllustrated by the static fracture data presented in Section 4.2,
a given proof stress level can screen both a Tong shallow and a deeper round
flaw. A typical example is illustrated in Figure 79 for the 1.60 mm (0.063
inch) "as-welded" 2219-T87 aluminum. Under cyclic operation, which flaw will
break-through the back surface first; the shallow long flaw or the round deep
flaw? To answer this question, the cyclic life data generated in this invest-
igation were analyzed and presented in terms of the operating stress to proof
stress ratio for the particular test under consideration. The procedure used
parallels that which is employed when dealing with modified linear elastic
fracture mechanics procedures. A brief explanation is presented below.

If the cyclic crack growth rates are a stress intensity controlled phenomena,
then the ratio of initial to critical stress intensity (Klf/KIE) would be &
measure of the cyclic 1ife of a structure. If a structure is operated at a
cyclic stress of 9, after being subjected to a proof stress of O then the
ratio of co/cp is equal to K]i/KIE as illustrated in Figure 80. Specimens
that were subjected to cyclic profiles in this investigation contained flaw
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sizes that were targeted at the size that would cause break-through at the
proof stress level. The instant of proof test termination was based on informa-
tion obtained from the crack opening displacement (COD) instrumentation. When

the COD instrumentation indicated imminent flaw break-through or fracture, the
proof test was terminated. In general, this would mean that the actual proof
stress level would either be slightly higher or lower than desired. The difference
between actual flaw size present in a svecimen and the critical flaw size, a

predicted from stress-fiaw size loci would increase or decrease the cyclic o
life of a test specimen. In essence, if the flaw size was less than the critical
ameunt, the cyclic test would start at a Tower initial stress intensity value
(KTi) as illustrated in Figure 80; the converse is also true. The ratio K]i/KIE
is then a better measure of cyclic 1ife of the actual test specimens. As 3 172

presented in Figure 80, the ratio Kyi/Kip 1s numerically equal to ( 59-)'( 59-)
D cr

for a given flaw shape parameter. A1l of the cyclic Tife date generafed in
this report was analyzed and presented as a function of this stress-flaw denth
narameter. (This parameter will hereafter be referred to as KR),

Cycles to break-through versus the KR parameter for the "as-welded” aluminum

and titanium are presented in Figures 81 and 82, A1l of the results indicate
a dependency of cyciic 1ife on flaw shape with the shallow Tong flaw yielding
significantly less life than the round deep flaw. The conclusion being that

the long flaw barely passing a proof test will have substantially less cyclic
life than a round (deeper) flaw barely passing the same proof test.

The curves presented in Figure 81 and 82 could be used to select an operating
stress level for a specific mission cyclic 1ife requirement if the structure was
proof tested at or near the weld yield strength and operated in an inert
environment (i.e., air, helium, argon, etc.). If the structures successfully
passed a proof test, a, would be assumed to be equal to A, and the plots
presented in Figure 81 and 82 would be reduced to operating-to-proof stress
ratio versus cycles to leak or fracture. Since the flaw shape would be an
unknown quantity, an analysis of this type would have to assume that a long

flaw {(a/2c ~ 0.05) existed. This would be conservative, yielding the shortest
cyclic life.
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It is interesting to see how the flaw shape affects cyclic life at a given
operating stress Tevel. This is most clearly illustrated by a specific example;
in this case the 1.60 mm {0,063 inch) "as-welded" 2219-T87 aluminum, A cross-
plot of the data from Figure 81 for that thickness of material yields the results
presented in Figure 83 by the solid line. For comparison purposes, an analysis
was conducted to determine the number of cycles necessary to grow flaws (of
various flaw shapes which successfully passed a proof test) to the point of
break-through. The initial flaw sizes screened by the proof test were used as
the starting point and no flaw growth was assumed to occur during proof. The
cyclic crack growth rate data used was based on the non-proofed rates presented
in Section 4.3.1 for a given material thickness. The specific initial flaw
depths for various initial flaw shapes are indicated in Figure 79 for the example
being presented. The initial stress intensity levels at the operating stress

for each of the three flaw shapes investigated are also indicated in Figure 79.
The initial stress intensity values {calculated using the deep flaw magnification
factor of Figure 30) are essentially the same for the 0.05 and 0.15 a/2c values
and then decrease for the 0.30 flaw shape. The final stress intensity values at
break-through were higher than the initial values and also decreased as the
a/E?_v$1He increased. The net result is that the average stress intensity

( i > If

Since the cyclic crack growth rate (da/dN) has been shown to be essentially
independent of flaw shape when presented as a function of stress intensity (see

) for a given flaw shape decreased as the a/2c value increased.

Section 4.3.1), the higher average stress intensity for the long flaw would

yield a higher crack growth rate than that for the round flaw. Even though

the long flaw screened by the proof test had a larger amount of flaw growth
potential before break-through than the round flaw, the higher crack growth rates
for the long flaw results in the least cyclic life of any flaw shape. The
results of this stress intensity/rate analysis are presented in Figure 83, as

the dashed line, for the thin aluminum tested. The results compared very
favorably with those obtained from the cyclic life versus operating-to-proof
stress ratio analysis.

4.3.3 Influence of Proof Test on Cyclic Life

It has been observed for the weldments investigated herein that a proof test

to about the yield strength of the weldment will yield information as to the
initial flaw size that could have existed in the proofed structure. It is also
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observed that a certain amount of flaw growth will occur during that proof

test if the flaw size present in the structure approaches the critical initial
size that would cause break-through. Since flaw growth can occur during the
proof test, the question arises does the proof test actually reduce the avail-
able cyclic life of the structure compared to a non-proofed structure having

the same initial flaw present prior to any testing? The data presented in
Figures 81 and 82 do not suggest this. These figures present the cyclic life

of specimens that were proofed and non-proofed as a function of KR. For a given
initial flaw shape, the cyclic life results for proofed specimens are essentially
the same as the non-proofed specimens within the scatter of the data obtained.
These figures also do not show any dependency on proof stress level

(i.e., crp=0.9] Sys - dys)_'

An even clearer demonstration of what effect the proof test has on the cyclic
life of a welded structure can be observed in Figures 84 and 85. These figures
illustrate that proofed and non-proofed specimens of approximately the same
initial flaw size yield essentially the same cyclic life even though a consider-
able amount of proof test flaw growth takes place for the proofed specimens.

Specimens that are cycled after a proof test exhibit reduced cyclic crack
growth rates (see Section 4.3.1) compared to non-proofed specimens. The
results presented above appear to indicate that any detrimental effect caused
by proof test flaw growth is compensated for in the subsequent reduced cyclic
crack growth rates for these materials. This is most clearly expressed in
terms of an example as presented in Figure 86. Two titanium specimens having
essentially the same initial flaw size are cycled to break-through; one specimen
is proof tested while the other one is not. A considerable amount of flaw
growth occurs for the proofed specimen as shown in Figure 86. The manner in
which the flaws grow during the cyclic test for these two specimens is also
shown in Figure 86. The proofed specimen grows considerably slower initially
than the non-proofed specimen with the net result being a]most.identica] cyclic
lives for fhe two specimens.

In conclusion, there appears to be no detrimental effect of a proof test on
the cyclic 1ife of the "as-welded" material investigated.
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Another interesting point concerning proof tests of the "as-welded" materials
investigated is that a room temperature proof test could be used to guarantee

the operation at cryogenic temperatures as shown in Figure 87. In this example,

a room temperature proof test to Iys would screen the same size flaw as oy at 20K
(-423F). Thus the cryogenic cyclic 1ife of a structure which passes a room tempera-
ture proof test could be estimated by use of the type of plot as shown in Figure

81 and 82. In this case the data required would be obtained by cyclically test-

ing specimens at 20K (-423F) after being subjected to a room temperature proof

test.
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5.0 CONCLUSIONS

The following conclusions are based upon test results of surface flawed 2219 T87

aluminum and 6A1-4Y titanium weldments in thicknesses which would result in a

Jeak-before-fracture mode. However, these conclusions may also be generally

applicable to other alloys:

Static Fracture Behavior

(1)

(2)

(4)

Leak-before-fracture mode can normally be expectedK1f the initial
IE 2
(=)~
Fracture strength of specimens which Teak-before-break can be

flaw ligament dimension is less than about 0.10

estimated by considering the initial flaw length (2c) and the
appropriate thru-crack toughness value of the material.

The stress level at which crack break-through occurs can not
presently be predicted, however, it appears to be strongly
dependent upon flaw depth-to-thickness ratio, fiaw shape and
yield strength.

Flaw sizes in a proof tested structure may be estimated by
observing back surface dimpling and this technique may even-
tually prove useful as a nondestructive inspection tool.

Cyclic Behavior

(M

(3)

The cyclic crack growth rates for "as-welded" 2219-T87 aluminum
and 6A1-4Y STA titanium can be adequately described as a function
of applied KI levels (incorporating deep flaw magnification
factors). The crack growth rates presented in this manner appear
to be independent of flaw shape and cyclic stress level. The
crack growth rates increase with decreasing thickness,

A successful proof test of materials in which leak-before-break
mode prevails can provide assurance of subsequent safe life
operation. '

" When equally critical shallow Tong flaws and deep round flaws,

(i.e., both flaws would barely survive a given proof stress),
are cyclically tested the shallow long flaws yield the shortest
cyclic 1ives,
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(4) While significant flaw growth can occur during a proof test of thin
and/or high toughness materials, subsequent cyclic 1ife is not
impaired when compared to a non proof tested condition. The growth
which occurs during proof testing is compensated for by retarded
cyclic crack growth rates,
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a) 3.18 mm (0.125 INCH) MATERIAL 10X

b) 12.70 mm (0.500 INCH) MATERIAL
ETCHANT USED: KELLER'S ETCH

Figure 1: 2219-T87 ALUMINUM WELDS
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a) 2.03 mm (0.080 INCH) MATERIAL X

6X

b) 6.35 mm (0.250 INCH) MATERIAL
ETCHANT USED: KROLL'S ETCH

Figure 2 : 6AIM4V TITANIUM WELDS
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203 mm
8.0 INCH

¥

!

76.2 mm {2.0 INCH) RAD
1.27 mm
J‘(U.OSD INCH)
, W S
E l G WELD \

5.63 mm (2.25 INCH) ———a={|

12.7 mm
(0.50 INCH}

OI1A HOLE 7

lest— 25.4 MM —gn
(1.00 INCH)

12.7 mm
{0.50 INCH])

37.9 mm Kv

£ (1.50INCH)

50.8 mm (2.0 INCH) RAD

THICKNESS: 0.51, 1.78, 6.33 mm
(0.020, 0,070, 0.210 INCH)

Figure 4: GAL—4V TITANIUM ALLOY WEL DMENT TENSILE SPECIMEN



bt

304.8 mm

+ {g sym

12.7 mm (0.50 INCH)
" DIA HOLE
(6 PLACES)

- {12.00 INCH) -
25, . -t .
4 mm (1.00 INCH) 25.4 mm (1.00 INCH) G (SYM |
{
i <> O T
29.2 mm 1 7
{1.15 INCH)
88.9 mm { M - . 1 -
(3.50 INCH) 20,3 mm \T]
{0.80 INCH) ROLLING
I $ T t DIRECTION 7 /
i ! ‘
152.4 mm -
{6.00 INCH} o

i=

|

\\—1 1,2 mm (0.44 INCH)

DIA HOLE {4 PLACES)

sy

EE

\7 25,4 mm {1.

0INCH) RAD

E 1.60 mm

3G sYM

(0.063 INCH)

Figure 5: 1.60 mm (0.063 INCH) THICK 2219-T87 ALUMINUM

ALLOY BASE METAL SPECIMEN

|
t3.18 mm

- {0.125 INCH)



0s

304.8 mm

]

88.9 mm
{3.50 INCH)

G}—_ G SYM

| 12.7 mm (0,50 {NCH)
DIA HOLE (6 PLACES)

\— 11.2 mm (0.44 INCH) DIA HOLE
{4 PLACES)

TrT——1 G SYM

- {12.00 INCH)
25,4 mem (1.00 INCH) {~t——s——ee—»={25.4 mm {1.00 INCH) 127.0 mm
) . ) {5.00 INCH)
AT N I { 4
1/ T
29.2 mm ‘—{9— T
{1.15 INCH)
1 AN ] ! )
20.3 mm
(0.80 INCH) H ROLLING DI
4 RECTION
4 T\} {+-
ha -+
I /Y-33-1 mm (1.50 INCH) RAD L 63.5 mm
(2.50 INCH)
| | !
{ : 'J: : : -+ JLJ“ — = L. g
l

Figure 6: 3,18 mm (0,125 INCH) THICK 2219-T87 ALUMINUM ALLOY

BASE METAL SPECIMEN

|

L 3.18 mm (0.125 INCH



[5

25.4 mm {1.00 INCH) | et 25.4 mm (1.00 INCH) G SYM

- 304.8 mm (12,00 INCH)

29.2mm___‘ | _'@’“

(1.156 INCH) \

- —®
e - | — - !
20,3 mm __ ‘

]
{0.80 INCH) w | L @ . ROLLING
88.9 mm (3.50 INCH) __@ _ I DIRECTION

@ _ | gswm

] — 12.7 mm
{0.50 INCH)
— | oiaHOLE

r (6 PLACES)

‘ ( ’<7 127.0mm (5.00 INCH) —— =

i

\—_ 11.2 mm (0.44 INCH)

DIA HOLE (4 PLACES)

+

o

12,7 mm (0.50 INCH) —f
—— 38,1 (1.60INCH) RAD

L

|- -

T g s

7.62 mm
(0,30 INCH)

Figure 7: 7.62 mm (0.300 INCH) THICK 2219-T87 ALUMINUM ALLOY BASE METAL SPECIMEN



¢S

203.2mm (8.00 INCH}

25.4 mm 57.1
. | ————— LTmm o ——— -
{1.00 INCH) e w55 mm {2.25 INCH)
(1.40 INCH)
! G WELD
G SYM

1 / D f +\ €
N I N

50.8 mm \
(2.00 INCH) ROLLING
* DIRECTION

30.5 mm (1.20 INCH) —

19.1 mm (0.75 INCH) _A
12.7 mm {0.50 INCH) RAD DIA HOLE {TWO PLACES)

=

r 57.1 mm {2.25 INCH]) ‘
H I H ] h—_t_/ T T T + q-
; -+

4

— 4 -t i

. ] J I . I svm
' 0.51 mm (0.020 INCH]) | J

2,03 mm { 0.080 INCH)
D WELDMENT SPECIMENS ONLY

Figure 8 0.51 mm (0.020INCH) THICK AL4V TITANIUM ALLOY BASE METAL AND WELDMENT SPECIMEN



€9

- 254.0 mm (10,00 INCH)

50,8 mm . —97.1 mm
(2.00 INCH) (2.25 INCH)
31.8+mm G [SYM
{1.25 INCH)

+

63.5 mm {2.50 INCH)

|

18.1 mm {0.75 INCH) RAD

/]
OO

) :

} movime \\ |

30.5 mm {1,20 INCH)

\ 25.4 mm {1.00 INCH) DIA HOLE

(TWO PLACES

———3q.5w™

gy

N

2.03 mm {0.080 INCH)

Figure 9: 2.03 mm (0.080 INCH) THICK EAL—4V TITANIUM ALLOY

BASE METAL SPECIMEN



¥S

e 304.8 mm (12,00 INCH) —-—
25,4 mm
25.4 mm (1.00NcH) | (1.00 INCH) 12.7 mm (5.00 INCH) g
GlsYm
l | _— 1
® | N\
29.2+mm - @ _“®_ ]
88.9mm  (1.15INCH) ]
13.50 INCH) 1 @ . @ G sYm
20,3 mm
: ROLLING DIRECTION
(080§ INCH) l - t . l - 127 mm (080 (NCH)
_ ®_ , | —@‘—/ (6 PLACES)
76.2 mm (2.00 INCH) \
38,1 mm {1.50 INCH) RAD 1.2 mm (0‘?: Ltig;s[;'p‘ HOLE

- 1L
L

K i

6.36 mm (0.250 INCH)

Figure 10: 6.35 mm (0.250 INCH) THICK BAL—4V TITANIUM
ALLOY BASE METAL SPECIMEN



89

25.4 mm (1.00 INCH}

1

25.4 mm
—~——pn —m——ae=| (1,00 INCH)

29.2 mm (1.15 INCH)
88.9 mm (2.50 INCH)

20.3 mm (0.80
§ INCH)

™o

304.8 mm

(12.00 INCH)

~=—88.9 mm {3.50 INCH} —=|

ke N e l/ {9

G sSYM

t ROLLING DIRECTION

| ¥

O
avde N

"]

44.5 mm (1.75 INCH
38.1 mm (1.50 INCH) RAD mm { ’

#

\

|

12.7 mm {0.50 INCH)

— DIA HOLE (6 PLACES)

11.2 mm (0.44 INCH})
DIA HOLE (4 PLACES)

Figure 71, 6.35 mm (0.250 INCH) THICK 6 AL—4V TITANIUM

ALLOY BASE METAL SPECIMEN (TB-34)

K 6.35 mm {0.250 INCH)



- 304.8 mm (12,00 INCH) -
25.4 mm (1.00 INCH) .
e 25.4 mm (1.00 INCH) ¢ |wELD &
G [SYMm [
O, 5O |
29.2 rnm T}‘“
88.9mm (1.15INCH) | SYM
{2.50 INCH) Y q-
I — - — 4+~ - — + -
ROLLING DIRECTION
| S| —— BAmmE
20.3 mm . - (6 S
{0.80 INCH) i
N
[y}
\ 11.2 mm {0.44 INCR)
DIA HOLE (4 PLACES)
l | | G SYM
— - - - - — T —1
! |

t = 1.60, 2,67, 7.62 mm {0,063, 0.105, 0.300 INCH)

Figure 12: 88.9 mm (3.50 INCH) WIDE 2219-T87 ALUMINUM
ALLOY WELDMENT SPECIMEN



LS

31.8 mm {1.25 INCH)

!

et —— e 38.1 mm (1.50 INCH)

431.8 mm {17.00 INCH)

G WELD &G SYM

Y

|

| 38.1 mm _Jl

(1.50 INCH) y §

127.0 mm
{5.00 INCH}

| —®-

ROLLING
DIRECTION

@li

G SYM

19.1 mm @
$ {0.75 INCH) |
\— 15,9 mm (0.625 INCH)
| DIA HOLE
| | | (10 PLACES)
e — = o
I ! | l q_SYM

L..

1.60, 2.67, 7.62 mm (0,063, 0.105, 0.300 INCH)

Figure 13: 127.0 mm (5.00 INCH} WIDE 2219-T87 ALUMINUM ALLOY WELDMENT SPECIMEN



31.8 mm (1.25 INCH)

]
)

i
J
1

38.1 mm (1.50 INCH)

431.8 mm {17.00 {NCH}) - .

G WELD & G SYM

|
—@®-

® |
By | -0 ! - |
152.4 mm * | @ I ROLLING DIRECTION (_:3 |
16.00 INCH) 19.1 mm @ | |
{ (0.75 INCH) 1 [

® —— gswm

8%

‘—— 15.9 mm (0.625 INCH)

— r—  (10PLACES)

* | I DIA HOLE
I
I

L t=1.60, 2.67, 7.62 mm (0.063, 0,105, 0.300 INCH)

Figure 14: 152.4 mm (6.00 INCH) VIDE 2219 — 787 ALUMINUM ALLOY WELDMENT SPECIMEN



65

609.8 mm (24.00 INCH)

57.2 mm _, 826mm
{2.25 INCH) - m G WELD & -
L G SYM
63.5 mm I
(2.50 INCH)
| . ——G}— ' |
D ' -
2286 mm Y 1
(9.00 INCH) i '{} - | - B - |
| —D B
33.8 mm _ : . | 1
{1.25 INCH) {}
t ROLLING ! \
. DIRECTION

-G SYM

FR +

256.4 mm (1.00 INCH)
DiA HOLE (10 PLACES)

™
]

i i

Figure 15.  228.6 mm (9.00 INCH) WIDE 2219-T87
ALUMINUM ALLOY WELDMENT SPECIMEN

t = 2,67,7.62 mm (0.105, 0.300 INCH)



7.2 mm

609.6 mm (24,00 INCH)

25.4 mm (1.00 INCH)
DIA HOLE {10 PLACES)

12.25 INCH) — |t ——pmr e 226 M LWELD &
. | {3.25 INCH) ' q SYM
]
63.5 mm .
(2.50 INCH) ‘
g D
| ) ) _4@_ |
241.3mm Y A !
(9.50 INCH) A L/ /1\ |
q \‘I'/ - "@" !
31.8 mm _ _ | ! __69__
(1.25 INCH) '
. : ROLLING ' \
; DIRECTION
\
Bl 1 ! N
, ! \ . |
t= 2.67 mm (0.105 INCH)
Figure 16. 241.3 mm (9.50 INCH) WIDE 2219-T87

ALUMINUM ALLOY WELOMENT SPECIMEN



50.8 mm

{2.00 'NCH]’I
|-

254.0 mm
{10.00 INCH}

57.1 mm
(2.25 INCH)

@ WELD &
¢ |sym

[

fl G SYM

31.8 mm
{1.25 INCH)
1 H
63.5 mm (2,50 INCH) A/
’ ROLLING
DIRECTION

25.4 mm (1.00 INCH) RAD

19

N\

\ 25.4 mm (1,00 INCH) DIA HOLE

20,3 mm {0.80 INCH) {TWO PLACES)

—T—t— — G sym

'\ 1.78 mm (0.070 INCH)

Figure 17: 1.78 mm (0.070 INCH) X 20.3 mm (0.80 INCH) 6AL—-4V
TITANIUM ALLOY WELDMENT SPECIMEN



29

304.8 mm

8B.9 mm
(3.50 INCH)

20.3 mm (0.80 INCH}

- {12.00 INCH) -
25.4mm 25.4 mm
(1.00 | (1.00 _ 88.9 mm
| INCH) | INCH) | w——— 3.50 INCH) ——
@_ \ G WELD & / 1 ___®_
29.2 mm (' ) q' SYM
{1.15 INCH) )
+

!

Y

ROLLING DIRECTION

Fos

o

38.1 mm (1.50 INCH) RAD

N

R

\ 12,7 mm

31.8 mm (1.25 INCH)

f .

{0.50 tNCH) DIA HOLE
{6 PLACES)

11.2 mm (0.44 INCH)
DIA HOLE
{4 PLACES])

=

Figure 18:

I
t 1.78 mm (0.070 INCH)

1.78 mm (0.070 INCH] X 31.8 mm (1.25 INCH) 6 AL—4V

TITANIUM ALLOY WELDMENT SPECIMEN




€9

(1.00(1

304.8mm {12.00 INCH)

m
NCH) 88.9 mm

{3.50 INCH)

q_WELD &q_SYM
1 ®- \

S ®

+

i @

G SYM

# ROLLING DIRECTION

29.2 mm
{1.15 INCH)}
88.9 mm ! ®_
(3.50 INCH) © s
\
20.3 mm —
(0.80 INCH})

38.1 mm {1.50 INCH) RAD

445 mm (1.76 mcm\

{6 PLACES)

\ @\<'D \— 12.7 mm (0.50 INCH)
\ DIA HOLE

11.2 mm {0.44 INCH}

DIA HOLE
{4 PLACES)

1,78 mm {0.070 INCH)

Figure 18: 1.78 mm (0.070 INCH) X 44.5 mm (1,75 INCH) 6AL—4V/
TITANIUM ALLOY WELDMENT SPECIMEN



304.8 mm (12.00 INCH)

=4
oh
S3

Y

IS\‘ICH)

{1.00[INCH)

N
o
£
3
oo |
=
L

101.6 mm
{4.00 INCH} ———=

T
_ | _ G WE‘LL‘}&Q_SYM / | @
}— + :
29.2 mm (1.15 INCH) dD C-iD
|
l

Y

e —

I |
88.9 mm (3.50 INCH) * @

| G sym
20.3 mm KO.BU*INCH) ROLLING DIRECTION

1

l
| |

\ I\ CI \12.7 mm (0.50 INCH)
DIA HOLE
\ {6 PLACES)
38.1 mm (1.50 INCH) RAD

38.1 mm {1.50 INCH}

79

11.2 mm (0.44 INCH) DIA HOLE
{4 PLACES)

il

?\ 5,33 mm (0.21 INCH)

5.33 mm (0.21 INCH) X 38.1 mm (1.50 INCH] 6AL4V
TITANIUM ALLOY WELDMENT SPECIMEN

| ! |
Lii!i:l

-
- - -]
bt

Figure 20



69

— 304.8mm (12.00 INCH) =

|
Y

25.4 mim ——a—= 25.4 mm
{1.00 INCH) {L.OOINCH) | o 101.6 mm (4.00 INCH)

: ?{P_\ q |ueo ‘/{

29.2 mm {1.15 INCH) !
88.9 mm {

{3.50 INCH) ) ;
20.3 mm {080 INCH} i ROLLING DIRECTION
‘ + . 3
N\ 12.7mm (0.50 INCH})
DIA HOLE {6 PLACES)
38.1 mm (1,50 INCH} RAD \ \ 11.2 mm (0.44 INCH)
DIA HOLE (4 PLACES)

45.7 mm {1.80 INCH)

+ + + G SYM

L L
T r!iszis—l

k 5.33 mm (0.21 INCH)

Figure 21. 533 mm (0.21 INCH} X 45.7 mm (1.80 INCH) 6AL—4V
TITANIUM ALLOY WELDMENT SPECIMEN



431.8 mm (17,00 INCH)

31.8 mm | - 38.1 mm
(1.25 INCH) (1.50 INCH)
152.4 mm (6,00 INCH) ————=
r \ q_ WELD /
SYM
127.0 mm /—-l-\ ! q- _6}7
(5.00 INCH) L/ A
38.1 mm H
{1.50 INCH){
SYM
{ 4aY 14 _ SN
19.1 mm
(0.75 INCH)
$ - M I ROLLING DIRECTION i
d} ]

vy ;
on

76.2 mm (3.00 INCH)

38.1 mm {1.50 INCH} RAD

15.9 mm (0.625 INCH) DIA HOLE

5.33 mm (0.21 INCH)

{10 PLACES) A

S
-

Figure 22: 533 mm (0.21 INCH) X 76.2 mm (3.00 INCH)
EAL—4V TITANIUM ALLOY WELDMENT SPECIMEN




L9

INCH)

57.2 mm| 825 mm
= | —allfp— el
{2,25 | (3.25 INCH)

&

-

609.6 mm

(24.00 INCH)

152.4mm
(6.00 INCH)

¢
e |/
— 1 et

63.5 mm
228.6 mm {2.50 INCH} +
{9.00 INCH} _ _@_}_ . | . __6_ | Gswm
31.8mm {1.26 INCH
{ ) /-+
f 13‘ ROLLING
DIRECTION
' \25.4 mm
ot (1.0 1N DIA HOLE
(1.50 INCH) ™~ 162.4 mm.{6.00 INCH) {10 PLACES)
— . ! 3
: I_L : — - — 1 — ] {
L —{- H | H | I M | H + SYM

K )]

5.33 mm [{0.21 INCH}

Frgure 23: 5.33mm (0.21INCH) X 152.4 mm
(6.00 INCH) 6AL4V TITANIUM
ALLOY WELDMENT SPECIMEN




toad Bar

Cryostat

o
1]
E
[$)
1]
o
(¥
-
rd
/
!/
4
// /
[}
S Y S T B e
N
M .-‘ .o, \. w\ .M\\ur ..u “
—_——— Iﬂw..w,..nw.-i-uu-}»:www....llavrlliI
\
\
\
\
N\
“w,
S,

Insuiated
Top, Bottom and Side

Figure 24: CRYOSTAT USED FOR LN, & LH , TESTS

68



LOAD

ZF:FLURE

@ 220.0 MN/m? (31.9 KSI)

BREAKTHROUGH
@ 191.0 MN/m2 (27.7 KSi)

SG NO. 3

3.1t1m

{0.12 INCH) 2.5 mm
{0.10 in.}

¢ +

WELD METAL —~

5G NO. 2

'

0.9 mm {0.35in.}

T
/SG#I

o l-— 1.56 mm
{0.0616 in.)

GAGE LENGTH
=0.38 mm {0.0151n.)

AN

LOCATION OF GAGES

| | i ] | |
002 004 .006 .008 010 012
STRAIN

Figure 25: BREAKTHROUGH INDICATED BY STRAIN GAGES (SPECIMEN SAR 6-1-2)

A9



0L

Figure 26: PRESSURE CUPS

00000000 000000000009°



1L

/CLIP GAGE

— MICRO-SPOT WELDED

CLIP GAGE BRACKET

Frgure 27: FLAW OPENING MEASUREMENT OF SURFACE FLAWED SPECIMENS



el

[>
[

IRWIN FRACTURE TOUGHNESS (K5I \/ IN}

60

50

40

IRWIN FRACTURE TOUGHNESS (MN/m3/2)

[=2]
o

[}
(=

F-3
o

D’AT BREAKTHROUGH OR FINAL FAILURE,
WHICHEVER OCCURS FIRST

SPECIMENS STR 8-1-2, -3 EXHIBITED FLAW
BREAKTHROUGH PRIOR TO FAILURE

STR 8.1-FL
STR 8-1-HAZ O =/t 0887 STR8-1-1
STR s Q /=073 : O an=0.48a
O STR 8-1-2
: ] D cﬁ aft=0.717
" I STR 8-14
I l aft = 0.642
| [
{ I
| STR 813
; | D O ant=o0sa
i - 7
1 . _.' ) WY
i NN :
O 4

FUSION LINE

Figure 28: VARIATION IN [RWIN FRACTURE TOUGHNESS WITH RESPECT TO FLAW LOCATION
INWELDED TI 6AI4V. TESTS CONDUCTED IN ROOM TEMPERATURE AlR.



€L

al2c

0.5

0.4

0.3

0.2

0.1

1.0
0.9
6.8

- 0.7

0.6
ys 0.5
! 0.4
0.3
0.2

%

7

7

N\

R

e

|

(=] a i

i

//7,
I

1 I

i

. A

p

§

—

|

] |

AtPoint A: K, = 1.1J7 0 (a/Q)* My For a/2¢ £ 0.5

l

8 .9

.0 1.1 1.2

1.3

I
1.4 1.5 1.6

1.7 1.8 1.9

FLAW SHAPE PARAMETER, Q

Figure 29: SHAPE PARAMETER CURVES FOR SURFACE AND INTERNAL FLAWS

20

2.1

2.2 2.3



afZc =
, 0.05

0.10

/ C.156

/ 0.20

//

0/

N

1.7F-

1.6 |-

1.6

1.4 -

74

1.3}

1.2

1.1

1.0

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

aft

Figure 30: DEEP FLAW MAGNIFICATION CURVES (Reference 4)



120

Figure 31: TENSILE PROPERTIES OF 2219-T87 ALUMINUM ALLOY BASE METAL,

THICKNESS = 1.60mm (0.063 INCH)
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Figure 34: TENSILE PROPERTIES OF Ti 6AI-4\ STA 8110K (STA 1000°F) BASE METAL,

THICKNESS = 0.51 mm (0.020 in.)
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Figure 37: TENSILE PROPERTIES OF 2219-T87 ALUMINUM ALLOY WELDMENTS,
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Figure 38: TENSILE PROPERTIES OF 2219-T87 ALUMINUM ALLOY WELDMENTS,
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Figure 40: TENSILE PROPERTIES OF 6AIV STA 8119K (1000°F) TITANIUM ALLOY WELOMENTS,
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Figure 41: TENSILE PROPERTIES OF 6AI4V STA 8110K (1000°F) TITANIUM ALLOY WELDMENTS,
THICKNESS = 1.78 mm (0.070 in.)

85



2801 -

260},

240

2204,

{KSI)

STRENGTH

160

20000

180

(MN/m?2)

STRENGTH

140 (.

120 b

INDICATED ELONGATION
% IN 50.8 MM (2.0 INCH}

GAGE LENGTH

Figurs 42: TENSILE PROPERTIES OF 6AI-4V STA 8110K

20000
Y
1800} _ O
Yo
teoof., ULTIMATE STRENGTH
14001
1200
INDICATED YIELD STRENGTH
\
1000}—
oy
| L | | ] 1
0 50 100 150 200 250 300
TEMPERATURE (°K)
L 1 | 1 | | ]
-458  _400 -300 -200 -100 ] 100
TEMPERATURE (°F)
5
4
3
e .
1
o ! | 1 | | ]
a 50 100 150 200 250 300
TEMPERATURE {°K)
L | 1 L ] 1 ]
—458 —400 -300 -200 -100 h] 100
TEMPERATURE {°F)

THICKNESS = 5,33 mm (0,210 in.)

86

(1000°F) TITANIUM ALLOY WELDMENTS,



APPLIED STRESS MN/mZ

APPLIED STRESS MN/m?

sool. No.0iy 75
470
460 (o 16)
—465
GVS LHQ] ILHZ]
420~ e
(0.21) . [
380| \ ~55
(0. 16)
Oys [RT]
— - 45
300 1—
- |40
260~
. =135
220
p—L 1 1| 5
o .2 .4 .6 .8 1,0
c:/f
Figure 43(a) 1--1.60 mm (0.063 in)
500 17
- LH
- 0ys [LH2! 470
4501 {0-15}\$ [LHo]
L. (0.17) -10°
420 ,—- Oys [RT] 160
[RT]
sgoL  (0.15) /— _Is5
. (0.18)
B \ 50
340 - KS|
™ - 45
300L
| 140
260
[ -1 35
220 p=
i B R R T 4
0 .2 '4c:/'r'6 .8 1.0

Figure 43(c) t=7.62 mm (0.30 i}

87

" APPLIED STRESS MN/m2

75

-
500 - {0.17)
:{_ 70
4601 Moy (LH,] [LH2]
8 ~4 45
4204 0.15
—,_ Oys [RT] O(\ ' 60
380F ®.(0.19) 23
3400 {0.15) 3
3 AN
300 R 1%
- 40
260 -
L -4 35
2201
0{ I ] | l ?
0 .2 .4 G,
o/t g8 1.0

Figure 43{b) t=23.18 mm (0.125 in)

LEGEND

WT-DIRECTION

O LEAK BEFORE FAIL
® FRACTURE

() ~ a/2c VALUE

[ 1 TEST TEMPERATURE

Figure 43: STRESS VS. a/t CURVES

2219-T87 ALUMINUR! BASE METAL

KSi



APPLIED STRESS MN/m2

APPLIED STRESS MN/m?2

=300 =1 300
2000 r‘ Oys {LH2] 2000 r:!— 0\/5 [LH2]
=250 -1 250
1600 o \/J‘> 1600
Fys [RT.
1400 1o @ (C.15) {LH4] 4200 o 1400 L. vs | | 100
=
12ODZ— ¥s U‘*T\ KSI ; 1200/ \ Ksi
-0 {0.14) i X
1000 b {0.21) L (0.16) | 150 T 1000} \\\.(0.15) 150
Vo w
N\ a \ (R.T.]
e 100 s T ‘e
N & (0.16) ~4100
200 (RTI < 400 0(0.14)
o@.M)
400 = 400 |-
50 (EH5] >0
200 jmm 200 |-
O .2 s4 ‘6 l8 ]-O O .2 .4 -6 .8 ].0
a/t c/f
Figure 44(a) t=0.51 mm (0.020 in} Figure 44(b)  t=2.03 mm (0.080 in)
=300
2000 ¢
1800}~ o
[ ys {LH9l dos0
16001= LEGEND:
WT DI
140Gk J200 DIRECTION
Oys [RT] QO LEAK BEFORE FAIL
1200~ ‘ KSl ® FRACTURE
T000F™ ™\ (0.14) 1'-° { ) ~al2cVALUE
) (RT [ ] TEST TEMPERATURE
80C}-

KIE = 44.9 MN/m3/2  (409KSI /i)
KIE = 685 MN/m3/2 (53.2KSI /iy

KIE = 42.7 MN/m32  (38.9KS! /TN.)

001, 10.24) 100

400 |- 4;“_“2]

\AATAAY,

—50 KIE =93.3 MN/m3/2 (84.9KSI |/TN)
200 b= KIE = 58.3 MN/m¥/2  (63.1 K5I V/IN.}
0 i L 1 I 0
O M 2 a 4 . 6 - 8 ] . 0
o/t ) Figure 44: STRESS VS. a/t CURVES
Figure 44(c) t=6.35 mm (0.250 in) 6AI-4V TITANIUM BASE METAL

88



APPLIED STRESS MN/m?2

APPLIED STRESS MN/m2

45 ~45
300 B o, 300 r' 9
280 /_’ 40 280 } (0151 140
760 1= 250 |
240 f /“130) <35 240 - S
220 \o\ 220 |-
200 b 730 200 b
oo L Z ol
180 155 s
160 L @ 160
o °\ KSl w
147) pe ys v Q{20 E 140 |~
120k 2 120}
{0.15) \ 3
TU0 ke 115 % 100}~
anl soL
0.05) -
sol ‘ 10 600
ol s 401 15
201, 20
O i 1 | ] 0 1 | i i
o .2 .4 . .8 1.0 0 .2 .4 . .8 1.0
a/t a/r
Figure 45(3) t=1.60 mm (0.063 in) Figure 45(6)  t=2.67 mm (0.105 in)
~ 45
300 pm
280 —\_ou 0.30 d40
260 p 10.45)
240 |- / 435 )
4 B~ LEGEND:
220 o
200 L AN S ] 30 O  LEAK BEFORE FAIL
180 \ ® FRACTURE
- 25
160 ,; @\ KS ( ) ~ a/2c VALUE
140 4 Oys 420
1204 {D.15) %
80L
50 410
0.
<45
200
’ : :1 ir, E 1.0 Figure 45: STRESS VS, a/t CURVES
0 .2 . /t~ . . 2213-T87 ALUMINUM WELDMENTS
aQ

Figure 45(c) t=7.62 mm (0.30 in)

@ ROOM TEMPERATURE



APPLIED STRESS MN/m2

APPLIED STRESS MN/m2

- 45

J00 ¢~ N (D 30)
0
280 | _/bb —40
A5 = 10.15) \
20 |- N 35
=5 \— C\ 6
~ e O
SO0 130
fal " o
:G o425
a0 L
KSI
145 b (D.05) 20
| 70k
O b= ~15
301,
) ~10
&0
_ 2
A0 L 0, = 380 MN/m 45
ol
0 1 | L l
§] 2 .4 .6 .8 1.0
a/t
Figure 46(a) ¢ = 1.60 mm [0.063 in)
o 45
3006
. (0.45)
FEuVh o N =140
260 b i
240 1 (0.30) A \{ 135
290 L
“r L)
O ]
2061, i{ \ 30
180f. s o |,
160t \ KSI
1 ]
YOO -115
30
0L ~ 10
i, G, = 414 MN/m 5
N
] i 1 [ 1
¢ .2 .4 .6 .8 1.0
a/t

Fgure 46(c) t=7.62 mm{0.30in)

90

APPLIED STRESS MN/m?2

Figure 46: STRESS VS,

K3l

—~45
300 N (0.30)
280 I (445 \oO 14
250 |- —\\\
240 | Q \O 35
220 o
200 b= _ Oys \ -30
180 | -
160 L o
(0.05)
140 - S dx
120L. (\
100 |- 115
80 L
50 110
0L 0y = 374 MN/m? 5
200
0 1 1 i i
0 .2 .4 .6 .8 1.0

Cl/f'

Frgure 46 (8) t=2.67 mm (0.105 in)

LEGEND:

O
®
()

LEAK BEFORE FAIL

FRACTURE
~ a/2c VALUE

a/t CURVES
2219-T87 ALUMINUM WELDMENTS

@ 78K (-320F)



APPLIED STRESS MN/m?

APPLIED STRESS MN/m?

300 - ® /—(0.30}
260 \ . 440
240 | vs 435
220 =
200 b Y \ 8‘ 30
180 - Q
\- 25
160 L {0.15)
\ | ksl
140 = - 20
120 (0.05)
100 b 115
80
60 =10
40 0,y = 516 MN/m?
20| 1°
0 L o d I
o . A4 b, 1.0
a/t
Figure 47(a} t=1.60 mm (0.063 in)
~45
300
280 \.\. {0.45) 440
260 % \\x/—
240 b= : UYS . 35
220 |- \
£
180 L. 25
160L L0 KS|
140} O\ ~{20
120}
100 R
80L
s0L =10
4L Gy = 479 MN/m?2
_ ds
201
0 1 i | 1
0 n4 -6 '8 ]00

a/t

Figure 47{c}] t=17.62 mm (0.30 in)

APPLIED STRESS MN/m2

300
280
250
240
220
200
180
160
140 -
120}
100}~
8o

50 L.
10 0, = 507 MN/m?

{0.05)

20

45
40

35

30

25

KSl
20

L

]‘0

Figure 47(b) t=2.67 mm (0.105 in)

LEGEND:

O LEAK BEFORE FAIL
@® FRACTURE
( ) ~ o/2c VALUE

Figure 47: STRESS VS, a/t CURVES
2219-T87 ALUMINUM WELOMENTS

@ 20K (-423F)



APPLIED STRESS MN/mZ2

APPLIED STRESS MN/m2

= 300 =1 300
2000 - 2000 -
1800 1800 = ‘
<4250 =250
1600 1600 =
0y
1400 0} -
. 200 o 140 (0.30) 200
1200 KSI £ 1200} (050} | KS|
A e
1000 150 £ 1000 \’ . Q "0
2 \.%\
800 w 8OO\ 0
100 g vs \ —f100
600 < 600 015 9
400 p= (0.08) )54 400 |- — 50
200 f 200 b=~
0 ISR N T | 0 0 I T S 0
0 .2 .4 .6 .8 1.0 0 .2 .4 6 .8 1.0
a/t a/t
Figure 48(a} ¢=0.51 mm (0.02 in) Frgure 48(l) t= 1.78 mm (0.07 in)
- 300
2000 ¢~
1800}~
- 250
1600~ W LEGEND:
140G -2
00 O LEAK BEFORE FAIL
n KSl
1200}, 0500 ® FRACTURE
1000k g / 1'>° ( )~a/2c VALUE
~ .X
800} ~ ' '
o .\ —100
600 vs o\
(0.30)
400 | Q\ 450
0 1 i I 1 0 Figure 48: STRESS VS. alt CURVES
0 .2 .4 .6 .8 1.0 BAI4V TITANIUM WELDMENTS
o/t @ ROOM TEMPERATURE

Figure 48(c) t=5233mm (0.21in)

92



APPLIED STRESS MN/m2

APPLIED STRESS MN/m2

Ou - 300
2000 r-/_ (0.30)
— Oys
"/
{0.458) 4250
1600 = \/_
1400l Yo o duoo
1200}- K Si
{0.07) o)
800 =
t0.15) =100
600 =
400
[~ ~50
200 }—
0 ] ] | 1 0
o .2 .4 .6 .8 1.0
a/t
Figure 49(3) t=0.51 mm (0.02 in)
' o = 300
2000 ,—u
1800
- 4250
1600 - Oys
140G - 200
1200~ (0,30} KSi
1000 k- / 045 <4150
' ®
800} \.
<100
600}~ LA \
® ®
400 = ."\.o -~ 50
200 - (0.15)
0 1 L [ | | 0
o .2 .4 W5 .8 1.0

a/t

Figure 494c) t=5.33 mm (0.21 in)

93

APPLIED STRESS MN/m2

/ . -1 300
2000 r:—/_ ¥s
1800 b= {0.30)
~4250
1600 =
{0.50)
1400 }= - 200
150
1000 = -
o\o
~
800 \)
—-1100
600
- {0.15) |
400 - 50
200 =
0 1 { { 1 0
o .2 .4 .6 .8 1.0
2/t

Figure 49(b) t=1.78 mm (0.07 in) -

0o
®

(

LEGEND:

LEAK BEFORE FAIL
FRACTURE

}~ a/2¢ VALUE

Figure 49: STRESS VS. a/t CURVES
EAI4QV TITANIUM WELDMENTS

@ 20K (423F)



vl {0.45)

o O  Leax
""-.o - (0.30)
O-.....o @ FRACTURE
Q_
{0.15) ( ) ~ af2e
O—o (wos
os)
aft
Figure 50(a): Room Temperature
0 ] | ]
01 INCHES 0.2 0.3
i L 1 ] ] 1 ] |
0 10 20 30 40 650 60 70 80
mm
THICKNESS
1.0 -
{0.45})
O0—0 o
o\
- 0/10.05) o‘\—- {0.15)
aft
Figure 50(b): 78K {-320F)
o 1 1 N
0.1 0.2 0.3
INCHES
| | i | | | i j

0 1.0 2,0 3.0 40 50 6.0 70 80
mm
THICKNESS
1.0

| o (0.45)
05}— / o . \./_

Fo) ®w— (0.15)
O—0 o005 Figure 50(c): 20K (-423)
0 l I I
0.1 0.2 03
INCHES

1 1 | ] | | | ]

0 1.0 2.0 3.0 40 6.0 6.0 7.0 8.0
mim

THICKNESS

Figare 50: COMBINATIONS OF FLAW GEOMETRIES AND SIZES CA USING LEAKAGE AT
YIELD STRESS, 2219787 ALUMINUM WELDMENTS

94



150

n
[=]
1

IN)
@

(Ksl
&
I

-

S
=
8

-
%)

-t
o

-]
INITIAL STRESS INTENSITY, K, (MN/m3/2)

INITIAL STRESS INTENSITY, K;

)

!

NOM af2¢
NOM gfoy
.06 16 .30
1.00 o ] A
0.91 O 0 D

{0.043)
(0.045)

( ) Initial Flaw Depth in Inches
\10.054) -/__.

E/_
-0
(0.045) .\ {0.044}
{0.056)
B.T. @ /oy = 0.80
(0.042} (0.048)

(0.052)
(0.055}

(0.041)

{0.044)

\ 10,049}

(0.063)

"

| 1 ] |

K—- (0.048)

B.T. ® ofoy = 0.84

0.2 0.3 0.4
GROWTH-ON-LOADING, Aa (mm}

| L 1 | 1 | 1 | 1

)

0.5

0 0002 0.004 0.006 0.008 0.010-0012 0.014 0.016 0.018 0.020

GROWTH-ON-LOADING, Aa (INCH}

Figure 51: INITIAL STRESS INTENSITY VS. GROWTH-ON-LOADING, 1.60mm (0.063 INCH)
2219-T87 ALUMINUM ALLOY WELOMENTS PROOF TESTED AT ROOM TEMPERATURE

95



9.0y _THICK NESS
0.40 | 0.60 | 0.80 0.90 mm (Inch)
— —
O ® 0 O 1.60 {0.063)
A A A A 2.67 0.105)
a [ 0 | [ §] 7.62 (0.30)
0.50 - 0/0ys = 0.90 0.80 0.60 0.40
@ 8
0.401- PREDICTED
(TYP}
0301 © om/ o a0
G/Qc
0,20}
AR /0 AQ)
0.10F
A O
0 -l 1 1 1 I 1 i 1 1 '
0 0.5 1.0
a/t

Figure 52:  DIMPLING THRESHOLD FOR 2219-T87 ALUMINUM WEL DMENTS
AT ROOM TEMPERATURE

96



e B 'THICK NESS
0.40 | 0.60 [ 0.80 | 0,90 mm (Inch)
i e S
o ® 0o © 1.60 (0.063)
A A A A 2.67 (0.105)
0 [ ] 0 ] 4] 7.62 {0.30)
0,50 p= U"Uys = (.80 0.0 . 0.40
1] [
0,40 |. PREDICTED
(TYP)
0.30 meA
°/2c
0,200
B A9 O OA
0,10}
L " (@A
0 L 1 1 I | L L I 1 |
0 0.5 1.0
a/t

Figure 53: DIMPLING THRESHOLD FOR 2219-T87 ALUMINUM WELDMENTS AT 20K (423F}

97



00, THICK NESS
0.40 | 0.60 1 0.80 | 0.90° mm {Inch)
—— ——
O L/ 0 © 0.51 (0.02)
A A A A 1.78 {0.07)
Q | 1] 1] 5.33 (0.21)
0.50 (- o/o,, = 0.90 0.80 0.60 0.40
0as A m A?
e PREDICTED
(TYP)
°/2c
0,20
' 0 mo mA® AO
0.104= /
o ® Q
0 L L 1 -l | L i 1 L i
0 0.5 1.0

Figurs 54: DIMPLING THRESHOLD FOR 6AIV TITANIUM WELDMENTS AT
ROOM TEMPERATURE

98



0 0ys THICK NESS
0.40 | 0.60 | 0.80 | 0.90" mm {Inch)
— s x e
Ojr ® (] O 0.51 {0.02)
A A A A 1.78({0.07)
a [ T ] n 5.33 (0.21)
0.50 - ofays = 0.90 0.80 060 0.40
Fi %
0. 401 PREDICTED
(TYP)
0.30 L © 0 A
a/2c
0.20]
_JVAY O
0. 10}
o
0 A 1 1 L | L y Ty |
0 0.5 1,0
a/t

Figure 55: DIMPLING THRESHOLD FOR 6AI4V TITANIUM WELOMENTS AT 20K (-423F)

99



1.2 b

1.0 3—

0.8

g/t
0.6 -
HIGH a/2¢
-
04} __
0‘(.1.1.1¥|.|
a 0.2 04 0.6 0.80 1.00
[
b/
Os

Figure 56: COMPARISON OF APPLIED STRESS INTENSITY AND PERCEIVED DIMPLING
GAI4V TITANIUM WELDMENTS @ ROOM TEMPERATURE

100



101

Kimax {MN/m3/2)

oboenbe

PABY85-1
PAGYB5-3
PAGYB5-4
PAEY85-5
ABYBb-1
ABYB8b-2
ABYB5-3

(a/?c)i

{0.06)
(0.29)
{0.12)
{0.06)
(0.06)
0.12)
(0.30)

]— SOLID SYMBOLS INDICATE PROOFED SPECIMENS

OPEN SYMBOLS INDICATE NON-PROOFED SPECIMENS

da/dN (- INCH/CYCLE)

10 100 1000
¥ T
solC | I — I
a0l R=0 h
a5l FREQ = 0.33 ~0.50 Hz =
301 7
251 ) .
201 ]
*
150 ] ]
10 | 4 | -
9= ] 1 L | L | ! 1
100 1000 10,000 100,000
da/dN {1 - mm/CYCLE)
Figure 57:  PLOT OF CYCLIC CRACK GROWTH RATES VS. K MAX FOR 1.6 mm (0.063 INCH) “AS-WELDED"” 2219-
ALUMINUM CAPABLE OF PASSING oy PROOF A)(ID CYCLED AT 0.85 ay IN HTAH)? 187

50

35
30

25

20

15

Kimax (KS!

IN.}



20T

Kipax {MN/m3/2)

(3/2(:)'

® pagYro3  (0.30) .
A PAGY704  (0.05) } SOLID SYMBOLS INDICATE PROOFED SPECIMENS
B PABY705  (0.12) '
$ PAGY706  (0.06)
o ABY 701 {0.06)
N ABY702 {0.13)
0O A6Y70-3 (0.28) :I—— OPEN SYMBOLS INDICATE NON-PROOFED SPECIMENS
O ABY704 {0.04)
da/dN {u - INCH/CYCLE)
} 10 100 1000 0
50 ' o] T 1 >
- 440
400 R=0
a5l FREQ = 0.33 ~ 0.50 Hz - :z
- ~
25
251
- 20
20
AV Q 15
154 Aa® o ©
e 220
A
10
10 ¢ - ?
g @ ® & 7 L \ 1 : L Je
100 1000 10,000 100,000

da/dN {i: - mm/CYCLE)

Figure 58: PLOT OF CYCLIC CRACK GROWTH RATES VS. K’MAX FOR 1.60 mm (0.063 INCH} “"AS-WELDED” 2219-T87
ALUMINUM CAPABLE OF PASSING oy PROOF AND CYCLED AT 0.70 oy INRTAIR

1N.)

KlMAX (KSI



€01

KIpMAX ( MN/m3/2)

{a/2c),

50

35
30

25

20

15

o PABO70-3 (0.18) ]_ SOLID SYMBOLS INDICATE PROOFED SPECIMENS
A PAG970-5 (0.09)
O ABS70-1 (0.06)
FAY AB970-2 (0.12) OPEN SYMBOLS INDICATED NON-PROOFED SPECIMENS
0 ABG970-3 {0.18)
Q AB970.4 (0.085)
da/dN (g - INCH/CYCLE)
1 10 100 1000
I ' | v | T T
R=0 -
FREQ =0.33 ~0.50 Hz -
O —
A & O
x *
r-
] ] 1 i | 1 |
100 1000 10,000 100, 000

da/diN (:_d - mm/CYCLE)

Figure 59: PLOT OF CYCLIC CRACK GROWTH RATES VS. KIMAX FOR 1.50 mm (0.063 INCH) "AS-WELDED” 2219-T87
ALUMINUM CAPABLE OF PASSING 0.91 oy PROOF AND CYCLED AT 0.70 oy IN AT AIR

50

40
35
30

25

20

15

N

KIMAX {KSI



vOT

(a/2c)i

® PA1YS53 0.29
& PA1YBB-4 .10 } SOLID SYMBOLS INDICATE PROOFED SPECIMENS
8 PA1IYB5EE 0.45 )
8 PA1 Yas-sB 0.05
A1Y85-1 0.05
O A1Y8B5-2 0.14
O A1Y85-3 0.28 OPEN SYMBOLS INDICATE NON-PROOFEED SPECIMENS
- A1Y85.4 n.10
VvV Al1YS8&5 0.40
D o /oy = 1.0 da/dN (- INCH/CYCLE)
(o]
| 10 100 1000
50 ] ¥ ] Y ] T [
R=0 _
401 FREQ =0.33 ~ 0.50 Hz -
350
f"!-\ p—
(o]
e 30 . o)
z oL 5 o, O
X O
< N ’3 &
* tﬁ':’]!
150 o O
Vv
]
il
10 .
9 ] 1 1 | i ] i |
100 1000 10,000 100, 000

da/dN (i - mm/CYCLE)

Figure 60: PLOT OF CYCLIC CRACK GROWTH RATES V5. K’MAX FOR2.67 mm (0.105 INCH) “AS-WELDED" 2219-T87
ALUMINUM CAPABLE OF PASSING oy PEGOFAND CYCLED AT 0.85 oy INRT AIR

50

35
30

25

20

15

Kipax (KSI/TN)



S0T

Kimax ( MN/m372)

{a/2c); |

® PA1Y70-2 {0.14) }
& PA1Y70-3 {0.28) ]— SOLID SYMBOLS INDICATE PROOQFED SPECIMENS
W PAIY704  (0.05) '
O AIY701  {0.06)
FAY A1Y70-2 (0.12) ]— OPEN SYMBOLS INDICATE NON-PROOFED SPECIMENS
D AtY70-3 (0.29)
da/dN {u - INCH/CYCLE)
! 10 100 1000
ol ] J | T T | I
40 R=0 1
FREQ =0.33 ~0.60H -
35| i
10l R
25 7]
(@] .
20 O
LT >
s -
15 n
A |
AT
‘A
10 -
9 k= | ] ) | 1 ] 1 i
100 1000 10,000 100,000

da/dMN {u - mm/CYCLE)

Figure 61: PLOT OF CYCLIC CRACK GROWTH RATES VS. KIMAX for 2.67 mm (0.105 INCH) “"AS-WELDED” 2219-T87
ALUMINUM CAPABLE OF PASSING oy PROOF AND CYCLED AT 0.70 oy IN RT AIR

50

40
35
30

25

20

15

IN)



01

Kipmax ( MN/m3/2 )

(a/2c) i

® PA1970-1 (0.06)
& PA1970-3 (0.29)
g ';2}3;05“_‘: fg:;;; SOLID SYMBOLS INDICATE PROOFED SPECIMENS
V¥  PAa1Y852 {0.14)
& PAIY7G1 (0.06)
g A1970-1  {0.05)
0 2}333;3 :g;g{} OPEN SYMBOLS INDICATE NON-PROOFED SPECIMENS
O A19704 (011
da/dN (¢t - INCH/CYCLE)
1 10 100 1000
50— I ' | o i T I 50
R=0 - 40
40 FREQ = 0.33 ~0.50 Hz d35
>t 30
0 -
: 125
25
. b
420
O 2l
@)
150 &
— 10
10} Jd9
o = R ‘ 1 ] I | [ l 8
100 1000 10,000 100,000

da/dN {4 - mm/CYCLE)

Figure 62: PLOT OF CYCLIC CRACK GROWTH RATES VS, K’MAX FOR 2.67 mm (0.105 INCH) “"AS-WELDED” 2219-T87
ALUMINUM CAPABLE OF PASSING 0.97 oy PROOF AND CYCLED AT 0.70 oy INRT AIR

Kimax (KSI {/TN.)



(a/2c)i

@ PA3Y851 (0.16)
& PA3YS85-2 (0.30) SOLID SYMBOLS iNDICATE PROOFED SPECIMENS
B PA3YB5-3 {0.39) .
O A3Ys5-1 {0.156)
O A3YES-2 {0.27) OPEN SYMBOLS INDICATE NON-PROOFED SPECIMENS
O A3Yg5-3 {0.40)
da/dN (p2 - INCH/CYCLE)
| 10 100 1000
] 1
504~ l ! { T |
R=0
40 - FREQ =0.33 ~0.b0 Hz —
— 35 - b
P ® 0‘ o° B
a O
~ & 30k O
S s - -
o 25}~
9 .
g 20k
z
15 m
10} -
9 b= 1 | 1 | l | 1 |
100 1000 10,000 100, 000

da/dN {¢ - mm/CYCLE)

Figure 63: PLOT OF CYCLIC CRACK GROWTH RATES VS. KIMAX FOR 7.62 mm (0.30 INCH) “AS-WELDED” 2213-T87
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Table 1. CHEMICAL COMPOSITION OF 2219-T87 ALUMINUM (% by WT.)
AS DETERIINED BY BOEING AFROSPACE COMPANY TESTS
3,18 mm {0.125 12.7 mm (0.50
ELEMENT INCH) SHEET INCH) PLATE
ALCOA HEAT 720471 | ALCOA HEAT 613941
MANGANESE 0.28 0.30
VANADIUM 0.09 0.09
StLICON 0.11 0.2
COPPER 6.09 5.95
ZINC 0.09 0.09
TITANIUM 0.08 0.06
IRON 0.22 0.25
MAGNESIUM 0.014 0.005
ZIRCONIUM 0.16 0.12
ALUMINUM BALANCE BALANCE
Table 2 CHEMICAL COMPOSITION OF 2313 ALUMINUM WELD WIRE

AS DETERIMINED BY BOEING AEROSPACE COMPANY TESTS

ELEMENT % BY WT.
MANGANESE 0.26
VANADIUM 0.07
SILICON 0.15
COPPER 6.00
ZINC 0.08
TITANIUM 0.14
IRON 0.18
MAGNESIUM 0.02
ZIRCONIUM 0.17
ALUMINUM BALANCE

MFGR: LINDE, HEAT NO. 354031A, 1.57 mm (0.062 IN.) DIA.
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Table 3: CHEMICAL COMPOSITION OF TITANIUM BAl 4V (% BY WT.)
AS DETERMINED BY BOEING AEROSPACE COMPANY TESTS
2.03 mm (0.080 6.35 mm (0,250
ELEMENT INCH) SHEET INCH) PLATE
RMI HEAT 304610 RMI HEAT 304623
ALUMINUM 6.1 6.1
VANADIUM 3.9 3.9
IRON 0.2 0.17
CARBON 0.01 .0.02
NICKEL 0.009 l0.01o
OXYGEN 0.109 0.109
HYDROGEN 37 ppm 38 ppm
TITANIUM BALANCE BALANCE
Tabled.  CHEMICAL COMPOSITION OF A1 4V TITANIUM WELD WIRE

AS DETERMINED BY BOEING AEROSPACE COMPANY TESTS

ELEMENT % BY WT.
ALUMINUM 6.05
VANADIUM 3.61
IRON 0.01
TITANIUM BALANCE

MFGR; TMCA, HEAT NO, G8080, 1.57 mm (0.062 IN.) DIA,
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Table 5: STATIC FRACTURE TESTS ~ ROOM TEMPERATURE A4V TITANIUM, COMPARISON OF FLAW LOCATIONS, t =

178 mm (0.070 INCH}
a2c=0.15
|
SPECIMEN TEST FRACTURE DATA
2 - . =
a 1Y . T = o v
. 0 o T @ I = = 2 & x
z . - o U o
& 2 1= |ez e g |2 (2518 (8| 41 = 2312
™
e = z < Q& = i@ u Gk o - = x|@ TE Z
g @ % b= oL z x E 23 z 2 £ N z aZ &
o P = za F= | oz | &2 g el Il E &b X
> 3 5 | 35 [g5F| & 2% | of | €% [ 3 |35 88 |LElLel 2| » |%%s
z z wZ 1 w2 | 358 3 s | 5 |Eo | 28 |25 [E3E (BolEh % |3 [2E
9 az 2F =0g & 2'E & E ﬁ"—" <= <& 21y |E=z|= ) o 5 =
i SE | 5k | 385 Z3 | 2z |4 EE [E° [ale |52 Ee 2
HEIINRHIE | als £
BASE | STR- 179 | 4.44 _ 820.5 - 1.22 | 838 = 543
METAL | 81BM | (0.0703) ] (1.7477) AIR | (1190} D’ {0.048) | (0.330) | 0683 | 0145 4 — 1079 o7,
@
STR- 166 | 443
HAZ - ] 834.3 — 1.22 8.31 — 55.3
A 8-1-HAZ | (0.0653) | (1.7428) ‘279250:; (121.0) D (004 | (0327) | 0735 | 0147 o8 | 225
o FUSION { 5TR. .78 4.45 a71.5 1.22 8.20 58.0
LINE | 81-FL |00609 | (17803 [ — (a2 | [Z> = | i00ag) | (0.323) | 0687 | 0148 | — | 084 o
¢ STR- 1.81 63.41 991.5 | 7853 084 592 ] 564
0 v
Rery | B |07 [ (24088 | 37 (143.8) | (113.) — | 033 | (0233 | 0463 | 0342 | 1096 o,
STR- 1.84 44,63 795.7 | 503.3 773.6 1.32 8.38 52.3
e 812 |0.0728 |(1.7570) | 43° (115.4) | (73.0) | (12 | (0052) | (0330 | 0717 ) 0458 075|077 | Sen
T STR- 174 | 44.67 7373 | 3109 | 5903 | 1.45 | 10.54 a74
(Rery |} 813 | (0.0886) | (1.7588) | 48° (106.9) | 46.41 | (87.0 | (0057 | (0arsp | 0831 0137 Loss | 071 ooty
g STR- 1.70 44.44 8295 | p39.9 1.09 1.75 - 523
(REF) | 814 [ (0.0670) f(1.7438) | 27° ¥ | 203 | 928 — | woam | 10308 | 0642 1 004y | — J0BO oo

bay = 1035 MN/mZ {150.1 KSt}

[2>> NOT INSTRUMENTED FOR DIMPLING




Eb/ 6-

|
2
S3w _
=g 7
w O O o W
z g_log-| & 222 |ucs| =3 Zed .
48T |weT T > = = O
Sr |205|ed3) ¢ |03z kB2 Tg |2EZ| 8% |aF E-
os 55: nX= 8 |zox %gm uT |Esq | 55 23359
Ly = <O~ 5 ZOE |25 |95 RN | ow S8 2
a = OTE|WTE n = < mwE SwElzl= S SE&© )
“iZ >FE|I=FE EE et i 5F2 mx> |0Z=| O< 0209 En-_,g
o |DhE|FEE da&g W oS % x e
TAL1 | 160 [1575 T AIR R| ¥z |[Sgdxd| Qg
(0.063) |(0.0620)] @ L 464.0 | 384.1
TAL-2 1582 | 2959K (67.3) | (55.7) 8 35 - _
.0623)] (72073 | L 4585 | 3785
(66.5) 8 745
A {54.9) 34
VG. 461.2 | 3813 (0.8 | 0322
. 1.588 {66.9) | (55.3) 8 34 _ —
TAT {0.0625) T 468.2 | 373.7 :
TAT-2 1.595 (67.9) | {54.2) 8 27 — —
(0.0628) T 458.5 | 368.2
AV (66.5) | (53.4) 8 33 758
G 463.3 | 370.9 (1o | 0328
] 3.18 | 3.167 67.2) | (53.8) 8 30 _ _
TALS 10125} [(0.1247) L 466.8 | 384.7
TAL 6 3.190 (67.7) | (5.8 | 19 33 — —
{0.1256) L 462.7 | 380.6
AV (67.1) | (55.2) 11 15 76.5
G. 4647 13826 (11 | 0329
(67.4) | (65 10 34
TAT. 3.180 5) _ _
5 {0.1252) T 4723 | 3834
TAT-6 3.105 {68.5) | (55.6) 10 31 _ —
(0.1258) T 469.5 | 382.7
AVG {68.1} | (55.5) 9 28 81.4
i V 470.0 | 383.0 {11.8) 0.338
7.62 | 7.668 {68.3) | (55.5) 9 29 _
TAL- —
L9 | {0.300) |{0.3015) L 4785 | 402.7
TAL-10 7.666 69.4) | (58.0) | 12 28 _ —
{0.3018) L | 4770 | 3971
AVG (69.2). { (57.6) 12 30 69.0
; ' 4778 | 399.0 {10.0) 0.309
. 12 29
TAT- 7.640 {69.3) | (58.0) — —
9 (0.3008) T | 4847 | 402.0
TAT-10 7.628 (70.3) | (58.3) 9 19 _ __
{0.3003) T {4847 | 399.2
AV {70.3) | (57.9) g 17 738
- Y ) 3847 T 4005 Go7 | 0312
(70.3) | (68.1) 9 18 _ —
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Table 7: LIQUID HYDROGEN TEMPERATURE TENSILE PROPERTIES OF 2219-T67

ALUMINUM ALLOY BASE METAL

z3
52
a 3 w
= == z
g=|od=| 4 |253|wzh| 2B |2EZ[8=® |gFE=|w
Z WL (Wil o AYZ | =% =3 KR | £ S 22| z
w o =0 |50 X 24 | o3 1G] o o - s 4 8o
2z |28 382§ |23E 25|agt |25z 3t 322%| g2
L £ o o ol = | = i w X w .
%g gEE EI—I—E E:{ O DZJ?E :-7!;)75 wef |z Ea.ns.lot;... e
592 | LH 604, : : —
TAL3 |6 oe ooeenl @2 L | (964 | e9.00 | 15 23 11.7)
' 1.675 | 20°K L 674.3 | 494.4 > > 73.3 0.337
TAL4 (0.0620)| (-423°F) ‘5%%85’ %14.? 103)
AVG. ~ ~ | e7.1) 703 - - (13
585 6743 | 463. :
TAT3 (0.0624) T leray| 22| 13 | 19 | (21
1582 ; |e6es0 |4s68 | o 765 0334
TAT-4 (0.0623) (100.8) | (70.6) [ ; 5 a }
684.7 | 475.1 : —
AVG. ! — — | (99.3) ["688) | 13 18 { ; ; ?}
3.170 669.5 | 481.3 ) —
TAL-7 (3'135} {0.1248) L | (971 | (608 | 18 24 (12.0)
) 3.178 662.6 | 474.4 5 8 72.2 0.375
TALS {0.1251) L | {96.1) | (68.8) (11.2)
— [eeei [4778 | N 80.0 —
AVG. — (96.6) (6%:;) (:3 : .21
3.178 698.5 | 490. ) —
TAT-7 {0.1251) T lpoa | (i | 18 20 (11.8)
3.183 v |65 [4sa0 | 5| 172 0347
TATS {0.1253) (101.3) | (70.2) (11.2)
6985 | 487.6 16 " 793 _
AVG. Y - —  [{101.3) 5?01.7} { 71 ; .15)
765 | 7.668 5902 | 491.6 ) —
TAL-11 1 10.300) [{0.3019) L {1001y | (71.3) 17 24 {10.6)
' 7.673 . 602.9 | 497.1 . ” 765 0341
TAL-12 {0.3021) {100.5) | (72.1) (11.1)
591.6 | 494.4 - i 745 —
AVG. — —  luoo3 | 717 (17 %38)
7.620 701.9 | 502.0 . . _
TAT-11 (0.3000) T luoe | 28 | 1 {11.0)
7.648 T 6998 | 5020 | .. 16 75.2 0.311
TAT-12 {0.3011) {101.5) | (72.8) {10.9)
[ 7005 | 5020 | . 6 75.2 —
AVG. ! — ‘ —_{(101.6) | (72.8) \ (10.9)

D NOT AVAILABLE, SPECIMEN FAILED OUTSIDE OF MEASURED TEST SECTION
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Table 8: ROOM TEMPERATURE TENSILE PROPERTIES OF 6A1-4V TITANIUM ALLGY
BASE METAL, STA (COND. i, XBMS 7-1748)

z
=471 2
Ll Ou; 2 I
. o =5 - ~| & EQ oo
; w_ zE &l r@a|8EZ2]| 2= (O
>z | L8288z z | 3AAMEY| EC|Eaz| 8% |2k S| e
we (80 |50 2 Fz<lqa ~| 0@ =|IL€3Q | =2 |2 2@ | =
=8 |28z |382| 8 [zodE|zZ~ |0z~ |SBY | SE |3ES% | Qe
9 587|205 BE [Enh|EEf|EE |d=z |52 (83| &k
&3 |SEE|SEE! Y [poo- 3% Elsh 5|ade® | #2 (s 4| =
GET 10579 | AIR 11253 | 1038.4
TTL-1 1 40.020) |(0.0228) 29@o L ez | (s06 | 1 - 0:1 -
0.597 50K 11411 | 1057.0 _ 104,
TTL-2 (0.0235)] 72°F3 | L |(1e6.) | (153.3) | '3 (16.1) 0.332
1132.8 | 1047.3 _ — —
AVG. (164.3) | (151.9) | 12
0,582 1137.7 1 1048.7
T {0.0229) T es.0) | (152.1) 8 - 11‘;1 —
0538 . 11170.1 | 1080.4 . .
T1T-2 (0.0212) T lusen|use7n ) ° (16.7) 0.334
1153.5 | 1064.6
AVG. i (162.3) | (154.4) 8 — — —
2.03 | 1,967 1156.3 | 1077.0 — — —
TTL5 | (0.080) |(0.0772) L |iern | (1562 | 18 ,
1.961 1150.1 | 1079.8 117.
TTL6 (0.0772) L 11668 | (15661 | 16 — {17.0) 0.333
1152.8 | 1078.4
AVG. (167.3) | (1656.4) |7 - — —
1971 T [11639 [ 10798
TTTS {0.0776) (168.8) | (156.6) | 16 - 0:1 —
1.971 1167.3 | 1084.6 104,
1716 {0.0776) T 11603 | (167.21 | 16 — (15.1) 0.309
1166.2 | 1081.8
AVG. ¥ — (169.0) | (156.9) { 16 — - —
535 [ 647 1124.6 | 1069.4
TTL9 | (0.250) |(0.2528) L lgesny | ossny| 3 6 — -
6.408 1119.7 | 1021.8 107.6
TTL-10 {0.2523) L |(162.4) | (14829 3 {15.6) 0.329
11218 | 1045.3
AVG. {162.7) | (151.6) 3 5 — —
6312 1156.6 | 1055.6
T (0.2485) T lpere {s3n| 3 5 ‘ooe =
6.467 1120.4 | 1063.2 .
TTT-10 (0.2546) T iess |osaa | 2 2 (15.9) 0.336
1142.5 | 1059.1
AVG. Y Y (165.7) | (153.6) | 2 3 — —
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Table 9: LIQUID HYDROGEN TEMPERATURE TENSILE PROPERTIES OF 6Al4Y
TITANIUMALLOY BASE METAL, STA (COND. 111, XBMS 7-1748)
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63w )
-_—— (K1}
- [a) o - T
. 3 B = S 3 = g E,&_’ Z e S 5
A . N
=z |8z |28z ¥ |EG2(MEY| E¥|EsZ 8% |aEfzl o
we |50 | %D a Z4 (20 9 ol b (28 8| 2
= zgz | 32z B |zox|sZ2L 2|90 & SEs 9 | B0
Gg So= mé: =2 -+ [gfwE|laW ElZ2,= Dg ans 2 %;
ws I 6T E N “’E o |BEZoE S Q=- o o3 % x| 8«
%z |Z2FE|sFEl Fa |Our SES|h S|ox®| £2 |30 9w | B
TTL3 | 081 | 0541 TH, L | 1920.3] 1805.1 > _
{0.020) [{0.0213) 28-‘»0 L (278.5) | (261.8) - -
TTL-4 0.559 K 1820.3 | 1820.3 _ 1145
(0.0220) |(-423°F) (264.0) | (264.01 | 1= {16.5) 0.352
AVG 18706 | 1812.7 | _ _ - _
{271.3) | (262.9)
713 0544 T [ 1921.6 | 1803.7 i~ _ —
10.02;’4} (28783.7) (261.6) -
TTT-4 0.57 T |1863.7 | 1830.6 118.6
(0.0228) (270.3) | (z65.5) | == | — (17.2) | 0332
AVG. | 1862.7 [ 1816.8 | _ _ — _
\ _— (274.5) | (263.5)
TTL7 | 2.03 . L ] 20032.011861.0
(0.080) [(0.0770) (200.5) | (269.9) | 3B - - -
TTL-8 1.963 L |20106 | 18602 | . 122.7 0.368
(0.0773) (291.8) | (271.1) - - {17.8) :
AVG. 2006.4 | 1865.1
(29100 | (270.5).| 35 - - -
TTT-7 1574 T |20264 18775 | .. _
(0.0777) {293.9) | (272.3) : - -
TTT-8 1.961 T |20058 [1869.2 | _ 124.8 0.372
(0.0772) {290.9) | (271.1) - (18.1) :
AVG. 2016.1 (18734 [ .o
S— | (292.4) | (271.1) : — - —
- 6.35 L D _ _ - - _
TTL-12 (0.250) 6.403 L 120.0
- ) 1398.3 )
(0.2521) (2028 | — > - (17.4) | 9291
AVG.
TTT-1 T D - — _— - -
TTT12 6.533 T 1587.2 124.8
(0.2572) (230201 — | 25 — (18.1) | 0-280
AVGEG, “ — _ — _ _ —

[C=> NOT AVAILABLE, SPECIMEN FAILED OUTSIDE MEASURED TEST SECTION
[=> SPECIMEN TTL-11 FAILED IN GR!PS AT TEST SECTION STRESS OF 1407 MN/m2 (204 KSI)

D SPECIMEN TTT-11 FAILED IN GRIPS AT TEST SECTION STRESS OF 1531 MN/m< (222 KSI)
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Table 10: ROOM TEMPERATURE TENSILE PROPERTIES OF 2219-T87 ALUMINUM
WELDMENTS
=
o
-
&
E E %]
a 2 E a " £ z2 5
Waeg , (wlo 4 9 )
: w >SB _  _|¥onl_|Ded
g-lov.| § |urFlorz85|orazn|0Es
z 48T iweT T |EEx |BEErx|urZsl| o
W a¥o £>0 o, 0= |ForrG~ FoRL=E= F“dc.
=4 [z82 (282 8 [=2% [Szuzy LEATION A
22 | Z2%|§%¢c| e |SEs|ockos|aeisS| 522
%z |2FE|sFe| Pk |3hS|2hodsi2E5cE ZeR
1.62 AIR | 263.4 177.2 924
TAWT | 160 |00837| @ |[(282 | (259 (13.4) 2.1
0.063) 160 | 2080k | 2579 | 172.4 104.8
TAW-2 (0,0630) | (720F) (z%m (25.0) (15.2) 2.8
0.7 | 1748 38.6
AVG. — - (37.8) | (25.3) (14.3) 24
75T e 1833 0.7
TAWZ | 267 01027 (38.6) | (26.6) {14.9) 27
(0.105) | 2.55 2689 | 2065 -
TAW-8 {0.1004) (39.0) | (29.8) 22
2675 | 1945
AVG. - — (38.8) | (282) ~ 2.4
7.66 3013 | 1834 133.7
TAW-13] 5 &5 10.3016) (243.7) (26.6) (19.4) 5.0
(0.300) | 7.67 999 | 177.4 124.1
TAW-14 (0.3019) (435) | (25.3) (18.0) 6.0
300.6 | 178.6 128.9
AVG. | — |- V| (436 | (259 sz | 50

*0.2% OFFSET YIELD STRENGTH OBTAINED BY EXTENSOMETER ON
50.8 mm (2.0 INCHES) GAGE ILENGTH

**0.2% OFFSET YIELD STRENGTH OBTAINED BY STRAIN GAGE ON

3.18 mm (0.125 INCH) GAGE LENGTH
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Table 11:  LIQUID MITROGEN TEMPERATURE TENSILE PROPERTIES OF 2219-T87

ALUMINUM WELDMENTS
=
o
e
£ £ 5]
SeE |S4E zZ @
Wew  |WHw . 9 %
. . e =798 s >'d.;-f: “EQ
= J8z |08z ¥ |wEZ|DFEzYZ|REZEE| RS
w YD | ¥ o, el AT —FoRZ2~] 52
S2 [S8=|28%| £2 |Zug|ChpZE|CunREl 922
w3 |ZFe|oFe| B |GEz|oxtoz|oxEtns| a22
%z |2FElsSFE| Fa |DBES|Z2hodsS|Z2h068S| 2R
1.68 IN; | 3799 | 2234 143.1
TAW3 | 160 |woosso| ©° | 55.1) | (32.4) (20.9) 38
X {0.063) | 1.65 780K 380.6 2324 158.6
TAW-4 {0.0851) |(-320°F}| (55.2) | {(33.7) (23.0) 39
3800 | 2279 151.3
AVG. — — (55.1) | (33.0) (21.9) 3.8
7.60 3®75 | 219.3 1580
TAWS | 67 |(01022) {56.2) {31.8) {18.7) 3.8
3 {0.105) | 2.76 360.6 200.0 118.6
TAW-TO {0.1088) (52.3) | (29.0) (17.2) 38
3740 | 2008 123.7
AVG. — (54.2) | (30.4) (17.9) 38
7.67 4165 | 224.8 168.2
TAW5 | o |0.3019) 60.4) | (32.6) (24.4) 6.5
el (0.300) | 7.67 4116 | 213.1 154.4
TAW-16 {0.3018) (59.7) | (30.9) (22.4) 7.0
413.7 218.6 161.3
AVG. — — ' [0 | 317) (23.4) 6.7

"0.2% OFFSET YIELD STRENGTH OBTAINED BY EXTENSOMETER ON
50.8 mm (2.0 INCHES) GAGE LENGTH

**0.2% OFFSET YIELD STRENGTH OBTAINED BY STRAIN GAGE ON
3.18 mm (0.125 INCH) GAGE LENGTH
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Table 12: LIQUID HYDROGEN TEMPERATURE TENSILE PROPERTIES OF 2219-T87

ALUMINUM WELDMENTS
z
o
2
£ £ o
Dfw , |2 w 1|9 U
w oo P weo
uw_|aw._. 5 I"F; gf“’a:—,; QI";‘:E% oEZ
Z 48T |wdzx T |MEY [0EZ2Y|WEZ0Y| W
w -0 | &S0 [N w—|E=o =l LE2=] 5=
=u Zié 852 8 %zc\lg SZE%NE 5ZE;NE g%N
22 |33:|82:| BE |GEs|cEfos|Ex25| 522
Gz |ZFE|SFE] F«< |3hE |ZhooS|ZE58S| 28
T65 | LA, | 5130 | 34890 289.6
TAWS | 160 | (0.065) @ | (a9 | (508) {42.0) 35
. | (0063 | 160 | 20°¢ | 519.9 | 209.9 186.9
TAW-6 (0.063) | i-423°F)| (75.4) | (435 (27.1) 35
5164
AVG. — — (74.9) [ [ a5
357 497 1 7797 180.0
TAWITE 567 | (0.101) (72.00 | (40.5) {26.1) 35
(0.105) | 2.54 5185 | 311.7 173.1
TAW-12 {0.100) (75.2) | _(45.2) (25,1} 35
— — 5075 | 295.1 176.5
AVG. 738) | (428 (25 ) 35
7.67 4902 | 269.6 210.3
TAW-17 (g.ggm {0.302) (71.1) (39.1) {30.5) 4.0
. 7.67 468.2 | 266.8 192.4
. 4.0
TAw-18 (0.302) (67.9) | (38.7) (22.9)
= 4792 | 268.2 201.3
AVG. | — V' | (6951 | (389) 29.9) 4.0

*0.2% OFFSET YIELD STRENGTH OBTAINED BY EXTENSOMETER ON
50.8 mm (2.0 INCHES) GAGE LENGTH

**0.2% OFFSET YIELD STRENGTH OBTAINED BY STRAIN GAGE ON
3.18 mm {0.125 INCH) GAGE LENGTH

l> AVERAGE YIELD STRENGTH VALUES NOT COMPUTED BECAUSE YIELD STRENGTH
VALUES FOR TAW-5 APPEAR UNUSUALLY HIGH
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Table 13: ROOM TEMPERATURE TENSILE PROPERTIES OF TITANIUM 6AR4V

WELDMENTS
=
Q
- - ':,3
. & -5 | o
E_35 E_Z |8 =
0z2 | g25:12¢:3
w A ZoNlw
; o c c=|lplibozslpub=ns| o ES
= 1.8z|88=| I |[LEC|BEpSfluEncYEzg
su 222(5z28| & |E8n (<% Eq|c oL En| g0
sm |E¥E|lpg¥s - 9 ENEUDOEEUOOEEOEW
O |22 wE |[Feslgotes|loages| ol e
WS ISTE|luT E| wk ([2F Z2|8205 23288255 ¢
v 2 ZF~ E|l=Z2F~ E| < S E|leron B|Erocer 2| ERT
0.6 AR (17148 | 11077 1034.2
TIW-1 | o051 ltoozos) e [061.7)| (1897 (150.0) 0.3
TTwo | 100200 | 057 | 2050k |1083.2 | 10536 1005.3 05
(0.02251 (72°F) | 157.1) | (152.8) (145.8) '
- 10091 | 1077.0 1019.8
AVG {159.4) | (156.2) (147.9) 04
T8 11253 | 1103.2 1034.2
TIWS |y 78 [0.o71m) (163.2) | (16000 | (150.0) 086
| 0070 | 185 111356 | 10825 1035.6
TTW-6 {0.0729) (161.5) | (157.0) {150.2) 14
1119.1 | 1092.9 1034.9
AVG — {162.3) | (158.5) (150.1) 1.0
— 5.19 1103.2 | 1020.8 969.4 —
533 |(0.2042) {160.0) | {149.5) (140.6)
TTw-10| (0210} 5.37 1087.3 1034.2 9536 —
(0.2115) (157.7) | 1150.0) (138.3)
- 1004.0 | 1032.2 9612 —
AVG ! ipses | (1497 | (1333)

+ 0.2% OFFSET YIELD STRENGTH OBTAINED BY EXTENSOMETER ON
50.8 mm {2.0 iINCHES} GAGE LENGTH

*+ 0.2% OFFSET YIELD STRENGTH OBTAINED BY STRAIN GAGE ON
3.18 mm (0.125 INCH) GAGE LENGTH
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Table 74: LIQUID HYDROGEN TEMPERATURE TENSILE PROPERTIES OF TITANIUM

5A1-4V WELDMENTS
=
o
= ~ | &
o . 5 | @
I T I = =
o0 Eo Z o T
L = —_ b= o) * w >
a_log_ | E |uz3|obE25|cbksE 9as
Z{.E AEI Luwl T - N LLJ'_EL\‘,!LIJFE._,x ll'l—-JOg
u"u_' "(ZO mzl) <3 g 0~ "_U'JU_E‘-"_U'JH_E"’ )
22 |Z%2|3xZ S |22 f;DOENEéDOENE o g
02 |Z23T|32%| BE |hes |cogas|ougez|cas
&2 |2EE|ISEE| P2 |ohsS|2E5c6RBE(25cmE| ExE
0.58 LH 1947.1 TG47.1 1792.7
TIW3 | 051 [00230)| @ |(2824)| (28240 | (26000 | O3
TTw.a | (0020} | 055 onok | 1870.0 | 1870.0 1725.8 -
) (0.0215) |{-423°9F}] {271.2) (271.2) (250.3) )
1908.6 1908.5 17689
AVG - {276.8) | (276.8) (255.1) 0.7
1.82 1976.1 1976.1 18258
TTW-7 | 178 |(0.0718) (286.6) | (286.6) (264.8) 15
{0.070} | 1.83 1927.2 1927.2 1783.7
TTw-8 (0.0720] (279.5) | (279.5) (258.7) 1.5
_ 1952.0 1962.0 1804 .4
AVG (283.1) | (283.1) (261.7) 15
5.01 18375 | 18375 1760.3
TIW11 | g9 |{0.1974) (266.5) | (266.5) (255.3) 1.6
{0.210) | 5.00 1817.5 1817.6 17106
TTw-12 (0.1967) (263.6) | (263.6) (248.1) 20
1827.2 | 1827.2 17355
AVG - Y 6500 | (265.0) (251.7) 1.7

* 0.2% OFFSET YIELD STRENGTH OBTAINED BY EXTENSOMETER ON
50.8 mm (2.0 INCHES) GAGE LENGTH

** 0.2% OFFSET YiELD STRENGTH OBTAINED BY STRAIN GAGE ON
3.18 mm (0.125 INCH} GAGE LENGTH
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Table 15:  STATIC FRACTURE TESTS - ROOM TEMPERATURE 2213-T8] BASE PLATE , WT FLAW ORIENTATION

t = 1.60mm (0,063 INCH), oy = 371 MN/m2 (53.8 KSI)
D’ t = 318mm (0.125 INCH), oy = 383 MN/mZ (555 KSI)
t = 7.62 mm (0.300 INCH), oy = 401 MN/m2 (58.1 KSI)

SPECIMEN TEST FRACTURE DATA
g - : <
— " T = Plag
- Y e 3 | = k= = & .’fé
o - o . b W E g T v & 3z
7] w = =z . 53 7, RS = O . = wa =
u 3 Y= i 83 W i Ly w ﬁ =z 7] . T &
v z ¥ qT = o a o E a = T < T @
@ X E oY z [ b= | 32 - 2 E I E x| £ e x
- oF wZ=! o LS a1925= 9 < E (Zu|x = %X =
3 3 | 25 | 2zoF| £ we [ e | & oE | = <nQ 125103 |8 (oSS
z nZ wZ it 2 T %&' E o L2 45 %EE so g‘_“. B | o |z E
9t | % 128&%| ® SE | EE | <° (2= [2o [Fllw {2223 T |° |EE 2
S E GE [3398 22 | 22 |y EE | E o C I A Bk S
@ © £s | 8% |k ZE (2 g Tl QY -
| s
1.58 §8.96 2023 | 3448 | _ | 086 | 406 | osaz | o212 | - 106 ] 210
ABYT | (hosan | (350220 | %° ROOM | i56.9) | {500 {0.034) | (0.160} : {18.1)
1,69 80.05 - 57.0 | 2296 119 | 7.49 — 238
ABI2 | (n'og06y | 1350600 | B @ st | B3| — | woan] 020 | 0752 | 0159 0.96 | 517
3.16 63.47 o | 295°K 3806 | 3806 1.52 8.13 _ 27.9
mB21 | o oaa | 2a0en | 8% | 720k | ssay | tss2r | = | (o.osmy| (0:320y | 0482 | 0.188 099 1 1554)
116 53.50 3398 | 2500 | 216 | 14.48 — 303
7822 | (51245) | {2.5000) | 38° 4a3) | (377 10,085 | (0.570) | 0683 | 0.149 089 | (0705
7.03 88.99 . WA | 3241 545 | 10.05 — 98
r831 | 05004 | 35034 | 51 s2e | taro | — | 0a3e)| (075 | 0483 | 0181 0911 36.2)
565 $9.02 3702 | 354.4 | 287 1880 R
AB32 1 (03010) | (350481 5%° (55.0) | (51.4) (0:113) | lo.7ap) | 0375 | 0183 095 | 357
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Tabie 16: STATIC FRACTURE TESTS — LIQUID HYDROGEN TEMPERATURE 2219-T87 BASEFPLATE WT FLAW ORIENTATION
SPECIMEN TEST FRACTURE DATA
B = . -
o W o~ = T s = v
- © o ] I 5= = & -3
o w3 [ © ol B X & 235 K1 z 3512
& z C Z 3 7] ™~ w wm Z 7] we =
[ z et wm w L] w I £ O a = 2] - C &
wr R4 n ol ‘(LI. = w @ 9 ~ = Ilu T < T w
P 5 E_ G = r [ 2 ZF = 2 E ElZ | & v
S | Sz | 2% |g8F| 2 | BE |eB (2% |3z |27 [28¢ (L2202 <ie
z ez z S w 5 w X =X I w5 “ 297 |=u|zE| 2 8 w e S
22| 52 1258| 2 | B | Oy |Ge |22 |23 [2EC IESid el o |zEl
4 £ € E =Ra| U = £ I 'S_E =g Fan zZ|z2 i B
< == Ll = e L =4 |y =
0 E o E adJo 3:_ g ZZ % 5 £ z é - 3 T =
— _‘J_-.L — ——————————y iy}
] 157 89.00 o 5063 | 4006 _ 079 | 411 | 26.6
ABI3 1 (oogom | (3,500 5° (73.43) | (58.10) (0.031) | (0.182) | %200 | 0191 107 | (24.2)
. 1.61 89.06 o 470.5 — 465.9 119 744 311
AB1-4 | 00633 | @50e4 | T | 1wy | 16824) 67.57) | (0047 | (0203 | 0742 | 0160 1098 099 | (953
. 3.17 63.53 @ 488.2 | 413.1 142 | 831 ' 35.3
AS23 | (nizag|izsote | 49° | 30K L Gosn | (sesnl | (0056 | (0327 0449 § 0171 | — 100 | (3ol
AB2-4 | 3.18 63.56 o 4199 | 2645 | a1 221 | 1486 36.8
7.70 86.98 o 4514|4157 | 312 | 1892 — 477
AB33 | yo303p) | (3.5033 | 56 (65.47} { {60.29) (0.123) | (0.745) | 0406 | 0.165 0.80 | (43
763 88,98 4564 | 4246 46.7
B3- : 47° | 284 | 1880 _ — ;
AB34 | 10'3004) | (3.5030) 166.05) | (61.58) o112 | ey | 03| O 08 | (425)

1.60 mm (0.063 INCH), oy = 475 MN/mZ (BB.9 KSI)
3.1B mm {0.125 INCH}, oy = 488 MN/m2 (70.7 KSI}
7.62 mm (0.300 INCH), oy = 502 MN/me  (72.8 KSI)
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Table 17:  STATIC FRACTURE TESTS — ROOM TEMPEAATURE SAI4Y TITANIUM (STA) BASE PLATE

WT FLAW ORIENTATION
SPECIMEN TEST FRACTURE DATA
gni & . pos
— xI S~ -
y ¢ | |28tz 16z | % | & nE
2 wX £ g 4 BX | &k z 0 A zZ 3|2
w 3 e w 4 w T & ut Wz 2 x 2
x Z T a& = w I3 vE |2 — T | - <53
) ] [ ol z o E. {32 = ZE e T £ L= X
= Yo og | vzZ| o i 5 | = g < E |2 % e & v =
S T =5 =0 ¥ 7] R It F =} <q|Q ot = > P < T o
z 2 25 SEX 3z w X zXx I -5 L =9z |qwigd] = & v e
wZ | ws tFgc| 2 Ty | Sn | b | 22 |25 [ZEF [EOE 2| o |2¢ E
QT Q =0 w 3'E o E ﬁb <= <& E‘jm Zaz|E o o S o=
g SE 595 2 | 22 | u Fg |7 o (22|23 g Z
5 | 6% | & zZE |2 | =2 =<
0.51 30.31 1087.3 T677.0 5 8
. ; ) — 0020 ] 14 30,
181t | (00000 | (11033 | 65° {157.7) (156.2) | (0.008) | (005 | 0400 | 0211 110111021 oep
0.63 30,30 9750 | 626.1. | 9667 | 0.38 | 2.39 3.3
20 .
TB1-2 {02100 | (1.1920) | B room L 14141 | (9081 | (1402 | (0.015) | {0.094) 0714 | 0160 | 0811 092 | 4337
] 1.96 30.50 > | AR 969.4 081 | 551 , 53.2
TB21 100773 |(1.200m | 8% lea2esok| (a08 | — — | 0032 [ 0217 | 0414 | 0147 | = 1090 1 454
156 30.65 li729F) [ 6419 8367 1 135 | 9.5 Y]
1822 | gorrn |(12028 | 7' (96.00 | — (92.2) | (0.053) { (0380} | 0887 | 0138 [ 059|061 | 1494,
— 1| 6.55 76.29 o 698.5 B86.1 | 4.19 | 17.78 76.5
183V | 02677 | (aoozn | ® noiay | 199.5) | (0.165) | (07op) | 0640 | 0238 | 0.64 | 066 | 5o,
—~1655 76.28 5 9219 | 8936 234 | 17.00 B6.4
1832 1ipose0) |q3000m | ¥ (1337 | (12ae | — 110082 | (0673 | 0357 | 0137 | ~ JOBT | 557,

D t= 0.51mm {0.020 INCH}, 0y = 1085 MN/m? (154.4 KSI}
t=2.03mm (0.080 INCH), 0,, = 1082 MN/m? (156.9 KSH)
t = 6.35mm (0.250 INCH), 0y, = 1059 MN/m? {153,6 KSI}
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Teble 18:  STATIC FRACTURE TESTS - LIQUID HYDROGEN TEMPERATURE GAI-4V TITANIUM (STA) BASE PLATE

WT FLAW ORIENTATION
SPECIMEN TEST FRACTURE DATA
@ - . -
W o T = e W
- o o X @ x 5T = & o -
a wE E ° g L x e Z 0 3 Z21=
e x a9 & 71 I~ w W= v ‘ og =
i z - o w o E [ - = T m . e =
el k%4 =1 <I..L = u o - = fod T < @
o x [ oL | Z E_ | E__ |22 z E Nk b = &= X
= =T oy ozl o EZ | Y5 |85 S |5 E |4 El © <% T
5 I5 | 20 jzoF| = we | g% | £ oz | & a2 {2802l 518 |logg
ol e | a2 [25%| 2 | 8¢ | S5q |Ce |22 (25 [EFT [SSEEY e | o (22T
< E IE |ZE5c| W 2f |25 | = SZIES FF14 |23z3 -
Z =z u Fe | E Tlo |Z<i=z3 2 2
(GRS ©E [ap= ¥} E Z = 5 sE Z g d J =<
051 30.42 1408.0 | 1246.6 _ 023 | 157 _ 40.3
TB1-3 | 00200 {(1.1076) | 54 n {204.2) | {180.8] (0.009) | (0.062) | 0450 {1 G.145 077 1 (367
0.57 3035 2 [10074 | 9419 033 | 241 34.0
TB14 | 100203 | (11048 | 39° Lo L4y |36 | — 0013 | (0.005) 0.640 § 0137 | — {055 | 5y
1.97 30.47 7115 0.86 | 553 37.5
1823 |(o.0775) f(1.1908) | 40 }423°F)| (yoapy | — [(0034) [t0.018) | 0439 | 0186 | — | 038 | ;4
1.57 30.46 . 500.6 | 463.3 | 4805 | 1.37 | 9.65 37.8
T824 | 90776y | (1.7001) | 36 (726) | (67.2) | (71.0) |i0.054) jro30) | ©696 j 0142 0.26 1 0.27 | (550
6.53 76.33 _ _ _ — [ 258 | 17.02
1833 |0:2569) | (3.005) ©19 | {067 - — - | - -
] 6.50 | 44.70 7460 | _ 175 | 1257 573
T84 02560 [ (1760 | %4° (108.2) ~ | (0.069) | (0495 | 0270 | 0338 | — 1047 | ey

[> t= 0.51mm (0,020 INCH), 0\, = 1817 MN/m? {263.5 KS1)
t =2.03mm (0.080 INCH), 0y, = 1873 MN/m? (271.7 KSI)
t = 6.34mm (0.250 INCH), 0y, = 0, = 1687 MN/m? (230.2 KS|)

[Z> enripraiLURE
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Table 18:  STATIC FRACTURE TESTS ROOM TEMPERATURE 2219-T87 WELDMENT, t=160mm (0.063 INCH)
SPECIMEN TEST FRACTURE DATA
' 2 i . <
[} W ®° x 5 = v

gt o © c o x 55 = & - 5

7 wE | & © s |BX |E 23 ) =8z

w z o O ] w 4 w wZ a weols
T > " 4 b L w I o 0= . T g
= z T 4z = w @« o E = Tw <%
o 5 - (U] > [l . - 2D = = = e E - - I o s
s =< oT nZ> =) L = Q= 9 < E o ¥ = 5 et =
5 5 | £5 28K & €1l |k 2f |& 1Z4C [ELg 2|2 (g5
z - wZz | ZLE|l = E- 12> | £ 8 |Y - [EzlE [28=dE S |2 [vue

9 ) =04 pry] o E o £ © 4= T o S9w (=28 o o o S

<E SE | Zo= 2 [ E3 | & FE |E~ tlo |Z22|22 2L 2

@ © £ |68 | ZE | 2 g 2l g -«
SAR | 1.68 5.0 . 2088 | 1074 | 1962 | 079 | 16.00 - N 120
6051 [(0.0660} | (35032 | 5% w3028 | (1557) | 2846 | (D.031) | (0.630) 0470 | 0043 | 1131120 | (45
SAR | 1.68 127.0 2056 | 885 | 1580 | 1.47 | 23.11 14
5052 |10.0660) | (so00 | 46° | @ | 2082) | 1284 | 220m | jo0am | fogr0) | 0897 | Q05T 081 118 | 4o
SAR | 164 577 " K 578 T4 11308 1132 | 2755 9.8
5053 | (006471 | (59000 | 5% | ¥} iog70) | oice {1897 | 0oz | (3.6ss | 0804 | 0048 1075 [ 113§ g
SAR ] 1.50 88,62 S 2117 | 838 | 1979 | 0.86 | 533 .2
611 Lioosss | 4970 54 @07 | t2a | 287 | (0034 | o2 | 9575 | 0162 | 113|121 | 57

1.56 89.07 3 2200 | 1331 11910 1117 | 7.37 96

61-2_ |0.0616 | (3s06n | 6 319 | (a3 1 0771 Lwoas | (oooe | 0747 | 0159 1,09 11.28 | 47
SAR | 1.60 85,65 : 166.5 S T404 T4z o9 10.1
613 100629 | (34080 | 8! (28 5] (20.36) | (0.056) | {0/z00) | @891 | 0144 | 080 [113 § (g
SAR | 1.64 85,00 » 2213 | 1422 | 2192 | 008 | 2.44 9.8
631 |i00646) |(3.5062) | 53 132.100 | (2063 | 31790 {10031 lioooe | 9480 | 0323 [1.26 1127 | 5y
SAR | 1.60 | 29.06 5 2220 | 1928 | 2026 | 1.14 | 286 1.3
632 | 100629 |{35080) | 55 {32.00) | 17.78) | (290.39) |(0.04s) | o152 | 0715 | 0286 1196 1127 | 1145
SAR | 152 | 88.96 " 2207 | 1024 | 1755 | 1.35 | 488 0.8
633 |(0.0600) | (35022 | 36 13332 | 1485 | (26.46) [(0053) | (p1gmy | 0883 | 0276 | 1.0V 1132 | g4
SAR | 1.62 88.07 2286 | 714 | 1848 [ 135 | 483 T4
634 |i0.0639 |(35028 | 25° 33.15 | (10.35) | (26.80) | 005y {0100y | 9829 0.279 11.06 | 1.31 | (404
SAR | 163 B8.83 S 2313 891 | 1873 | 127 | 485 ' 15
635 |(00642 | (34974 8 v |35 |aze | (2717 {woso) | woesy | 0770 | 0256 | 1.07 1133 ) g

(> o= t74.amvm2(253K80
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Tabis 20:  STATIC FRACTURE TESTS - ROOM TEMPERATURE 2219-T87 WELOMENT, t = 2.67mm (0.105 INCH)
SPECIMEN TEST FRACTURE DATA
&- & > -
o L ' T S = W
- 2 ) r & T = = < 8 - Z
- 4] - [ L B
] = E o-- g X E Z 5 :'E, E 2 |Z
L z o o I e ] w Zz ) @]
« u d Su: ) 7] v E o) a = @ . Ca 2
Wi v, T = = i o 9 = = Ty - < &
2 S~ | 5= |oz=| 3 . | bz |32 | % ZE |LE2 | =zl E & E ¥
2 x5 9T | 25F| B GE od | &= S 128 (2¥S {LELe > | » |€%a
2 | B2 |32 |5Ex| s | E¥E|ZT |E. |58 {05 [E3F (2828 %% 287
0= o< &34 2 5% Z%F | %o 22 |23 |2T|% |Ex|Ed] & | L |26 £
<E | € [Zg=]| ™ £ 15319 ST 12 Faly |2E23 ° |2t 2
g E [&] oJdaQ & Z zZZ g 2 £ _‘;-_ g Gf _i « 7
SAR | 275 152.4 ) 2165 | 121.0 | 207.3 | 132 | 29.21 T 164
1051 [10.1083) | s.oomm | 57° | o (31.40) | (17.85) | (30.08) | (0.052) | (1.5 | 0480|0085 | L0791 | (q4q
SAR | 2.56 728.7 @ 1051 | 577 | 1071 | 224 | 4420 101
vo52 (01008 | (9.005 | 55° | ses0k | t28.09) | 837 | 1553 | (0.088) | (1740 | 0873 [ 0051 | 05511001 (g3
SAR 263 241.3 (72°F) 1998 | 771 1262 | 2.16 49.02 1.9
1053 |(01035 | (0504 | 3° (28.98) | (1118 | (18.30) | 0.085) | (1.930y | ©-821 | 0044 | 0.65)1.03 ] 458
SAR | 2.76 7786 2013 | 668 | 1532 | 1.85 | 40.13 136
vo54 |(0.108s) | 19.000y | 38° i20.19 | 200 | 222 | woray | (1see) | 0673 [ 0046 | 0794 1.04 ¢ 15
SAR | 2.68 127.1 a0 2539 | 1178 | 246.2 | 1.40 9.14 0 1.27 | 1 18.0
111 |(0.1058) | (5.0040y | 38 (36,631 | (17.09) | (35.701 | (0.088) | (0.360) 520 1 0.183 | 1. AU e
SAR | 267 1271 9345 | 968 | 2082 | 1.83 | 12.45 : 107 | 121 | 175
112 (01050 | (5.0038 | 43° (3301} | (14.041 | (3019} | (0.072) | (D.490) 0GBG | 0.147 e {15.9)
SAR | 2.73 127.1 o 214.0 — 98.7 | 2.57 16.38 051 | 1.1 9.0
s liotors | soos0r ] ©7 (51.04) (14.31) | (0.101) { (o.6as) | 0930 | 0.167 110 g9
SAR 271 127.1 2213 107.4 2018 1.88 14.73 0 0.12 104 | 113 176
1.4 |40.1085 | (5.00a0) [ 3%° (32000 | (15.58 | (20.27) | (0.074) | (0.580) 695 | 0.128 M (160
san | 268 127.1 2192 | 894 | 1709 | 203 | 1397 ol 148
115 |010s6) | (500801 | 9° G190 | (1298 | (2479 | (0080 | (o550 | O7%8 0145 0.88 1113 | 11355
SAR | 272 127.1 7393 | 1415 | 1093 | 213 | 6.99 0784 ) 14.9
1-3-4 (0.1071} | (5.0055) 60° (34.70) | (20.52) [ (28.91) | (0.084} | (0.275) ) 0.305 031123 {13.8)
SAR | 278 127.1 . 2383 | 1374 | 2227 | 183 | 739 0,658 ] 166
145 | (0.1005) | ts.00a5)| 2 v | (3454 { (19.891 | (32.30) | 10.072) | (0.287) 0251 | 151122 4 457y,
SaR | 2.72 127.2 - 3332 | 952 | 1802 | 208 | 7.67 0766 1.7
1as | (01070 [is006n] 7 (33.82) | 11380 | (27.441 | (0.082) | (0.310) 0.265 | 0.97 | 1.20 | 437y

> oy - 1944 M/m2(28.2Ks)
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Tabla 21:

STATIC FRACTURE TESTS — ROOM TEMPERATURE 2219-T87 WELDMENT, t = 7.62mm (0.30 INCH)

SPECIMEN TEST FRACTURE DATA
?r? a . -
=) [T . I 5 - 1%
- © x 7 T E = = g =<
g sl |5 |3 |21 (28 |~ 3 =92
7 1Y z ; & vy w = o - Yol
« z ’ e2 g 3 b GE | © N - Tz
w Y, T 5 2 s - 33 | = e £z z SE
g Oz E"‘ za b= n = [e] 4 g el Il & %
> I | 22 |g&F| ¢ G| oB |22 |32 [SF [288 (kLY > > (€%a
2 g g2 | 2201 £ w¥ | 2% |1 “L | E2iF |RuU|gE[ & |8 eSS
w= W Tl = = Ly | go pr i3 E%'— Eoled| & w {28 £
Qe | 2 [28F| 8 [ 2£ |57 |22 |E° [y |2Ezz | [z
£ a =2 22z ul EE e e =4%=% T =
OE e e-o i5 | 6% | g SE |2 g e I <
SAR 7.64 2286 | 470 217.6 1023 | 2087 | 343 | 2438 117 | 122 [ 282
311 | (03010) { 45.000) ar L3156 | a8 | o2n | ohas | foge | 0449} 014 |7 o)
SAR | 7.71 | 2201 540 @ 2003 | 1058 | 1934 | 495 | 34.80 117 1 269
312 | (0.3036} | {9.020) 2060k | (30.35) | (15.34) | (28081 | (0198 | 13y | 0643 | 0142 [ 10871 124,51
OF)
SAR 7.63 193.8 420 72 204.1 80.2 | 1629 6.22 | 42.67 1.14 24.8
31-3 | {0.3003) | (3.0721) (20.600 | (1163 | 23.63) | (0235)] (168 | - O-E16 | 0146 | 081 |1 122.6)
SAR | 7.59 2286 | a0 1914 | 830 [ 1345 | 678 | 4597 5| 107 | 208
314 | (0.2000) | {3000} 122.76) | (12204 | (1951) | (026m| (181 | 0893 | 0148 0I5 (19.0)
SAR | 7.57 1270 | 400 2252 | 1065 _ 363 | 1245 _ 22.4
331 |0.2980 | (s.004n] #7 (32.66) | (15.45) 0143 | (0.a0p | 0480 | 0202 126 | (504
SAR | 7.65 127.1 o 2137 97.8 | 2032 | 508 | 17.40 24.0
332 |(0.3010) | s.0050 | 57 (31.000 | 14.18) | (20.47) | (0.200) | (0.685) | 0654 | 0292 | 114 (1204 5y
SAR | 7.68 1271 o 1986 | 1086 | 1731 | 622 | 2273 230
33.3 | (0.3025) | (s.003| 9 (2881 | (1575 |(26.11) | (0245 | (0o | B0 | 0274 {087 1111 55,
SAR | 7.65 B8.89 o 223.0 | 1822 | 356 | 7.75 — 125 | 184
351 |(03010) { (34508 | ¥ (32.47) | {19.18) {0.140) { {0.305) | 0465 } 0.459 ' (16.5)
SAR | 7.65 88.97 R 2223 w078 | __ 483 |108s5 — 21.3
352|030y iaso2e | ¥ (32.24) | (15.83) (0.180) | (0.427) | 0631 | 0445 | — | 124} Lo,
SAR | 7.73 B8.93 R 2053 | 1159 | 1929 | 6.10 |13.59 20.8
353 |(0.3042) | (350101 ] 31 (20.77) | (16.81) | (27.8) | (0240) | (o535 | 0790 | 0449 [1.08 1S Lo
SAR | 7.65 88.94 1851 | 87.9 1518 | 660 |14.73 s |10a | 167
354 03010 | 3sovn | 290 (26.85 | (1275) | 2201 | (0260) | (0580) | 0864 | 0.448 1085 1. (15.2)
SAR | 7.58 88.94 s w | 1958 | 1042 | 1530 | 678 |15.13 0ee 1101 17a
355 [02986) | (35014 | 7 (z8.41) | (1511} 22.19) | (0267 | (0.50m | 0B84 | 0449 1D (15.6)

[> oy=1786MNm2 259 KsD
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Tabde 22: STATIC FRACTURE TESTS Li1auio NITROGEN TEMPERA TURE 2219-T87 WELDMENT . t = 1.60mm {0.063 INCH)
S A — .
SPECIMEN TEST FRACTURE DATA
9 - . =
a L a ~ & s v
- © o =@ | T 55 = & D
] WS - © v E¥ | & z G = Z 312
i z 6o 4 v & e u w Z w Wl
E Z T g & S @ = GE |0 <= r|d - I
@ S | 5o [osa] 2 E= | 5=|32 | ZE LLEIE | =zt E EE %
2 T o1 g5k o 72 7] F = 3. |5« <YW o gl o > | €% &
=) g S 20 Zzx o w ¥ Qv T T o e ~0l= ==zl & 5 wn &
z Z Z o e | €5 | E 2 |2 [Ex(E ($o|2h 3 |2 |gua
W= Ll = oae = o~ iy T2 A2z ] = = = =] o [} Z@x g
SE | SF 235 5 | ZE £S5 5% (2D |EE P3ls (Esf5E ¥ (Es s
: 5 i3 ==z uf = E L Wl =dier Eh =
O E QE Q3ag < g 5= P S E z < 2175 £«
m = [} w
SAN | 1.62 88.9 5 2495 | 1198 | 2109] 102 | 1612 141
6051 110.0638) | 35000 | 577 [y | (3618 | (12.38) | (30451] (olosn | 06as) | 0627 | 0063 [092 | 110 (12.8)
SAN | 1.68 127.0 . | @ 2571 | 1146 | 1824 | 117 | 2238 129
8052 | (0.0650) | {5.0010)| 32° | 7g0x (37.20) | 11662} | (2646)| (0.046) | (0.880) | O-708 | 0082 J0BO | 113 | 3775
. OF)
SAN | 163 152.3 {-320 260.5 98.6 1815 | 1132 25.91 136
6053 | (0.0640) | (5.9972) | ©62° (39.08) | (14.28) | (26.32)| (0.052) | (1.020) | 0813 | 0.051 Joso | 118 | 457
SAN | 1.65 1525 2714 | 878 | 1714 735 1 3568 ) 79
6054 )(0.0650) | (5.0030) | 4%° (39.36) | (12.60) | (24.85}] (0053) | (1.010) | OB1S | 0052 1075 | 149 | J37
SAN | 1.04 88,08 3057 | 1352 | 2732 | 094 | 533 4.7
611 | (0.0844) | (35030)] 39° (44.33) | t19.61{ (39.63) | (0.029) | (0210 | ©04°0 | 0.138 {420 | 1.34 (13.4}
SAN | 1.8 89.02 . 2755 | 1663 | 2278 | 109 | 797 15.2
612 | .0s21) | (35050 | 68 (39.96) | {24.12)] (33.00) | (0.047) | 0200 | ®757 [ 0162 |4 [ | (532
SAN | 157 89.08 5 2696 | _ 1365 | 150 | 9.78 97
613 | .0818 | (3.5070)| 139.09) (19.841 1 (0.059) | (0.385) | %9%5 | 0183 Jogo | 198 | 57,
SAN | 1.67 88.97 203.7 87.5 | 2064 | 135 | o.14 14.6
614 | (0.0658) | (3.5027y| 29° (42.60) | (12.69)} (2093) | (0,063 | (0.360) | %805 | 0147 gg1 | 129 (17.3)
SAN | 168 50.06 2848 | 1875 ] 2637 | 095 T 543 122
631 |ic.o624) [ (36058 [ 43° (41.82) | (22.19)) (38.25) | (0.030) | o103) | 0481 | 0291 pute | 125 | 122
SAN | 1.60 89.09 2979 | 1687 | 2795 | 0.4 | 3.8 : 148
632 |{0.0630) | (35075 | 48° (4321} | {24.47)§ (4054 | (0.037) | D145 | 0587 | 0255 1123|131} 13.5)
SAN | 161 89.12 2816 | 1382 | 2277 | 132 | a5 - 138
633 |(0.0635 | (35085 | 53° (40.84) | (20.05}| (33.03) | (0.052) | (o1g3) | ©819 | 0.284 [:00 |1.24 (12,6}
SAN | 151 88.03 3043 | 1120 | 2260 | 132 | 430 137
634 |(0.0633) | (35012 | 20° L (4413 | (16.25)] (3263) | 10.052) | (o.rgs) | 0822 | 0281 Jos9 13e | 13T
SAN | 1.8 88.83 327.0 2631 | 140 | 500 159
00624 | (3407 | — aran | > (36,711 [ (0.055) § Doy | O8B1 | 0279 f111 j1aa | o0

W,

0y = 227.5 MN/m? (33.0 KSt) o
DIMPLING COULD NOT BE DETERMINED BECAUSE OF STRAIN GAGE FAILURE.
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Table 23:

STATIC FRACTURE TESTS w LIQUID NITROGEN TEMPERATURE 2219-T87 WELDMENT , t = 2.67 mm {0.105 INCH]

e s _
SPECIMEN TEST FRACTURE DATA
g & - -
o e . T ] ‘a- » T
o a S © EE | E 6= = g 59,5
e = . '(_J’; - o £ Q = b 212
w 4 0o & “ ™ uw w z A o
«< 2 : g & i & o £ a == b d 1] c =
w b I w = o £ = = T <r =
@ & = _ a s o = 2z £ £ Elz | & [
= Y= o ozl e} = = [ 7 g = 5 < g % - Ly =
£ I | £5 |g28F| & 22 | o8 | = 2z |2 o2 (2528 T 12 |S5g
z wE we kXl 3 =i Eeal =W 22 {25 |EsE (25 <wl - W |zeE
9F | 9% {32! & S%F | 28 | %o <2 {28 ESlw |EzlEx| o |5 |E= 3
=5 2L | 53 c E= T4y |22z -
Fd =2z 1w = E = =g o =
©E ©E 1od0 f2 155 | SE |2 o -«
SAN | 2.69 1622 5 — | %05 [ 1380 [ 2392 [ 135 ] 2807 9.0
1-05-1_ | (0.1058) | (5.0040)] 48 (37.05) | (2003} } {34.68) | (0053} | (1.18q) | 0501 | 0045 1.1 1122 {50,
SAN | 2.75 228.7 o INp | 2068 | 454 | 1346 | 229 | 4445 130
1-052_| {0108y | (s00m | 54 @ - | 134.39) | 65 | (1952 | tooe0)| (1750, | 0833 | 0051 |osa | 113 01.8) |
SAN | 2.66 241.4 s | 7a0¢ 7284 | 672 | 1418 | 228 | 48.26 oo | 137
1053 1(0.1048) | 9505 | *° | Cpgpop)| 133031 | 03w | ose) | 0oeo | (1gooy | 0849 | 0047 | 062|109 § fog |
SN | 2.7a 228.7 5 2745 | 1071 | 1880 | 183 [ 36.83 6.0
1.05-4 | (01080 | 2007 | 3° (39.81) | (15.53) | (27.26) | (0.072} | (1.450) | 9667 | 0050 | 083 1131 4 (o5,
SAN | 2.72 1271 - 3004 | 1560 | 2055 1 137 ] 002 Y
111 | (0.1089) | 5.00300 | 50 (43.57) | (22631 | (38.51) [(0.054) | 03gs) | 0805 | 0152 1127 | 143 { o
SAN | 2.69 1271 5 2851 | 1200 | 2320 | 18 | 1259 19.7
112 1i0.1060) | (50043 | 8 42.80) | 117.63)] (3365 |10.073) | (0.405y | ©689 | 0147 [ 11111414 o
SAN | 2.78 127.1 S 7808 | 863 | 1691 | 221 | 1675 173
11-3_ |10.10931 | (5.0042 | 42 (40.73) | (12.52)| 127.42) | (0.087) | (o.620) | 0798 | 0.140 [ 0.90 | 134 | o7,
SAN | 2.78 127.1 = 2809 | 685 | 1980 | 208 | 1392 7.4
1-1-4__|(0.1006) | (50052 | *2 (40.74) | 9.93) | (28.71) | t0.081) | yo.540) | O-739 | 0150 1094 1134 | oG
SAN [ 273 127.2 - 2806 | 1030 | 2024 | 213 | 14.22 | goa1 150 oo 182
116 [10.1075) |(5.0085 | & {40.69) | . (14.96)| (20.36) | 0.084) | (05601 | 0150 1087 1134 | 57
SAN | 243 ] 89.10 . 2664 | 1505 [ 2778 | 135 | 470 | goss | o26e |1gs |1ar | 170
131 | 0.0058) | (3.5080 | 3% 4299 |123.13) | (4030) | (0053 | ouss | 286 413311 (15.5)
SAN T 2.45 89.04 S 2772 | 1311 | 2446 | 163 | 5.97 16.7
132 | (0.096s) | (35085 1 47 (40.20) | (19.01) | 3547) | (0.084) | (0.235 | 0663 | 0272 | 11741320 .0
SAN | 2.60 89.00 5 2734 H67.6(E5T] 224 | B.13 3.0
133 | (0.0085) | (35078 [ ™ (39.650 | ~— [ (2431 | (0.088) | (0.320) { 0893 | 0276 | 030|130 | T,
SAN | 263 125.1 S 2979 [ 1165 | 2161 | 210 | 725 6.6
1-3-4 {0.1052) | (5.0050) a3 (43.21) | (16,90} | (31.34) | (0.084) | (o200 | 0798 | ©0.290 {103 | 142 {15.1)
SAN | 2.69 125.2 S J 3762 | 1198 | 2434 | 243 1 7.48 Ts0 | 189
136 [t0.1075) | (5.0061) | 42 r | ws7n | gran | (3s.300 {0085 | (o.20g) | 0791 | 0284 1.6 (17.2)
SAN | 265 | 1272 5 3768 | 1492 | 2046 | 216 792 oo | 1e1 | 160
136 | (0.1043 | 50072 | V7 45.95) | 2164 | (29.68) | (0088 | 10312 | 088 | 0272 [0 : (14.6)

[>ay = 200.6 MN/m? (30.4 K81}
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Table 24;

STATIC FRACTURE TESTS — LIQUID NITROGEN TEMPERATURE 2219-T87 WELDMENT, t = 7.62 mm (0.30 In.)

SPECIMEN TEST FRACTURE DATA
v - . =
o v " T 5 el v

- U o T & T oo = I o

7 WS b ° o L¥ |k 235 3 252

w ] oo i a £ I~ w uw =z 97 x <
x Z 3 g w o E o -4 = Tl - o <
w ¥, T e = x g3 = - T <t &
L) Q = _ bt o < s . E — -4 = £ a E I [ & - ¥
=z Iz ox et a & a1e= o | S [24S 1o > <% 7
=] o Y] zor o v g¥ & -3 T SDE ILl2z| 2 Z s<S
z ne uwZ E_JEE > g S F o s a = Ex(E o u - lz& %

a7 oz s0< z =Y h E X0 < = < & Z2<| Cx|k o ) S @ >

<E '{E ~or w =';._1 P z =t |E~ Zlo 3-:55 Ea—g

U] O] oJdo & £ s g ZE z g i i =<

= e
SAN | 7.57 22808 1 o ] 7144 | 9.3 581 | 24.38 = 757
311 |(o.2980y | jo.0100 | 48 i, |-3L10 | 1367 (0.150 | (0.960) | 898 | 0156 0.98 | (334
SAN T 783 358.7 S 1964 | 832 | 1877 | 550 | 3480 55 4
312 {03002 | woosy | H @ 128.49) | (12.08) | (2627) o220 | (13 | @733 | 0161 [ 0791080 ) 554
SAN 7.66 2287 a 789K 186.6 B7.6 152.4 .60 A2.67 23.0
313 |03015 | @oos | % 13200k 27.071 | (.38 |(22.10) |(ozey | (16w | G862 | 0155 | 085085} (509
SAN 7.62 2286 o 216.4 138.6 203.0 5.36 36.96 28.9
3.4-4_|(0.3000) | (9.000 | &2 (31.39) | 12041 | 120,44 | 0211} | (1455 | 0703 | 0145 | 0831089 | 55
SaN | 7.62 228.7 5 2473 | 212.9 373 | 2627 — 20.7
315 | 1020000 | 000 | 2 asen | oss | — | oran | oss | 0490 | 0148 V131 270
SAN 7.70 127.1 a 224.0 122.2 214.0 5.03 22.61 27.3
321 | (03033 | (50045 | *° G249 | 17721 | 3109 Liosom | (osag | 0853 | 0222 | 098 1102 ] 545
SAN | 8.97 127.1 o 2131 [ 1206 11991 | 6.10 | 26.92 - 275
35 0.680 | 0. o1 | 0.
322 | t0:3530) | (5.0047) 13001 J(17.49) | (28.87 | (0.240) | (1.060) 226 | 0911098 oo
SAN | 762 1270 ” Sa77 | 1422 | | 361 | 12.70 - 5.1
331 | (0.3000 | 5.00181 | (35.92) | (20.63) {0.150) | (0.600) | 0500 | 0300 134 o9
SAN | 775 127.1 " 7316 | 1120 Eo8 | 17.40 252 37.4
132 | (03053 | 50020 | * (33.59 | (16.24) (0.200} | to.oes) | 655 | - 106 | 104 9)
SAN 1 754 | 1271 23T [ 1144 | 1820 | 648 | 22.73 241
333 | (02088 | (50030 | 26° (091 | 16.59 | (26.53) | (0.265) | (o.pos) | 0859 | 0.285 | 0841088 | 1519
SAN | 760 [ 127.1 n 2584 | 1116 | 2096 | 584 | 2057 766
134 | t0.3026) | (5.0041 { ¥ (3313 | 0s.18) | (3038 | 02300 | ogroy | 0760 | 0284 | 098 1051 545
SAN | 7.65 58.87 ” 2655 | 1617 363 | 8.0 717
— D.4 —_—
361 |i0.3010) | (24000 | ¥ (38.07) | [23.45) 0143 | s | 478 91 — 1% oy
SAN | 7.66 5860 5342 | 137.6 405 | 10.07 236
- 0451 | — | 1.
252 | 03017 | 3.d00 | & 13542} | (19.09) (0.195) | (0.432 | 064 112 | 514
SaN | 764 | 88.96 226.4 | 130.4 | 2160 | 6.35 | 14.35 558
353 | (03008 | 35022 | *° 32641 | 12092 | (3142 | w0250 | 0.565 | 0831 | 0442 1089 | 104} o,
SAN | 7.61 58.96 # 2124 | 1228 | 1893 | 668 | 14.73 209
354 | (02998 | (35029 | 15° (3081) | (17.77) | (27.45) | (0.263 | 0580y | OB78 | 0453 1087} 097 | (397
————

[0y = 218.6 MN/m? (31.7 KSI)
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Tabie 25: STATIC FRACTURE TESTS = LIQUID NITROGEN TEMPERATURE 2219-T87 WELDMENT , t = 1.60 mm (0.063 In.}
i SPECIMEN TEST FRACTURE DATA
g Fre - -
a I ) pe 5 = ¥
- O o T 5 I [ =2 3 = g N
a w'E £ ° v X | E 235 s Z31\Z
i S o= Z 9] e T o4 w L= a w5
T Z 3 g T it e v E o = = Tlw . cx =
w v X Ww = o = T 41 n
@ S = Vhalig z wo [y 27 = 2 E £lZ | & & v
= =T aT nZ= ) 5= = o= < < g X =) I %z‘—
5 Zo 20 zorF| € . oy | T | & a2 |22zl 18 |65S
z mg []JE —Jzé > [ S ——; - m _j.g 4t = tg?_: = Sﬂ -'a‘n ""o .Zg:"mE
0= o~ 54 Z 2% z £ | ¥o 2= (<4 |Z< gtz o (o |S535
<€ | €€ {23z “ S£ 155 |8 e 1ES [T218 |2%2|23 2. 2
@ @ oo is |85 | g ZE |2 g ol 7 -
SAH [ 185 | 8888 0 2679 | 1776 { 2641 | 089 [ 1575 . .85 165
6051 | j0.0649) | (34002 | *© Lhy | (a8a0) | (25.70) | (o83 (0.036) | (0.620) | 0539 | 0.056 | TE1 083 ),
saH | 157 127.0 o 2564 | 413 | 2001 | 109 | 2261 14.1
6052 | (00620) | s9082 | 4T |20K | (379 | 120491 | 303 | (0.049) ] (0,890 0.694 | 0.0a8 | 07071085 | 5o
SAH 1.65 152.1 o 257.7 _ 1682 | 132 | 26.16 0.56 12.2
6053 | (0.0650) | (5.9800) | 77 {37.37) (20.40) | (0.082) | (1.030) | ©-800 | 0050 |50 086 4 0,
SAH | 164 | s8.88 . 2056 | 2006 | _ 038 | 10.16. 125
6054 | (0.064% | (34092 | P2 (42.87) | (29.24) (0.015) | (0.400) | 0233 | 0038 | — 3089 3%
SAH 161 | 8879 273.0 160.9 2536 0.79 5.46 13.6
611 | (nos34) |(3.4988) | 54° 30600 | (2333 | 36.78) | {0.03) | (0215 | 0489 | D144 1 OBSH 0813 5
SAH | 184 | B9.07 7846 1892 | 150 | 7.49 129
s . -
61-2 | {0.0608) |(3.5068) | 77 141.28) (27.44) | (0.059) | (0,208 | 0970 | 0200 | 0631035 1 (4,
5AH 1.56 89.05 263.4 1868 1.37 9.65 12.7
o . _ . .
613 | (0.0614 | (35060) | 89 (38.20) (26.94) | (0.054) | (0.380) | @879 | 0.142 5 0621088 | .0
“sAaH | 161 | 8891 . 2759 | 1668 | 2244 | 11a | 7.1 9.1
614 | (0.0632) |(25002) | 3! ooty | (2419 | (255 | 00ss) | 0280 | 0712 | 0161 | 0751082 (15g
SAH | 159 | 89.03 | 470 3180 | 179.1 | 3080 | 071 | 267 | opaar - 4.1
631 | (0.0628) | (3.5050) (46.26) | (2509) | (4467 | w028 | 008 | > 0.267 | 1.03 | 106 | ;g
sAH | 160 | 89.05 | 4g0 2634 | 1935 | 2528 | 107 | 376 125
632 | (008301 (3803 | *° 138.93) | (28.07) | (36.67) | (0.042) | (onamy | 0657 | 0284 |0B4 108 iy
SAH 157 £9.00 o v 2500 | 1286 [201.6(ESTY 447 488 12.2
633 | 100620 | (38040 | (16.26) | 118.68) | (29200 | osey | o9z | 092 | 0302 067 10831 4y

[ oy = 2099 MNim? (435 K31}
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Table 26: STATIC FRACTURE TESTS ~ LIQUID NITROGEN TEMPERATURE 2219-T87 WELDMENT , t = 2.67 mm (0.105 In.)
SPECIMEN TEST FRACTURE DATA
g{ & . -
[=] YT . X S - ¥4
- o ) & T e = & -
7 3 E ° o ¥ |k 235 s 53
K z e o [ w Z u - wWoe il
« z . gg w a i T o 4= 0 . C r
w v hd {I.L = :;::J o g .E z — I w - < T o
g Q= 5= oze| B E = L= | B 2 z ZE LEIZ Il = b X
Z I oF OsE o @ 0 = L € L o < ¥ T
> s 1] z0OH+ o« WA R < Fragi= = T 0|2 25122 ke Z gy
“ wE | w2 |25¥| 2 | 5o |3 |Ee |22 |25 BB |SoRH 2o |EER
= fany = ~
SE | SE |235| ¥ | 25| %z |3 ct lE® F2s 12323 R
© Is |68 |« ZE |2 5 | 2l g =<
R S O B [
SAH 2.66 1623 o LHy | 2507 [ 1937 [ 2217 [ 1562 28.70 1., 17.7
I 1-05-1_| (0.1048) | 5.9965) | 3! @ (36.36) | (om.00) | 132.15) | (0.060) | (1920 | O573 | 0053 075 [ 085 | (44
SAH 265 | 228.7 P 2340 | _ | 2164 | 170 | 3785 18.2
I 1052 | (0.1044) | 10005 | %  [(4230m)| (33.00) (31.38) | t0.087) | (149 | OB? | 0046 | 073 /079 444
SAH 262 | 2414 5 2313 | 1026 | 1726 | 293 | 4699 - 159
I 1053 | (0.1030) | (9.505 | ©2 (33.55) | (14.86) | (26.03) | (008a) | (1g50) | B0 | 0.045 |058 1078 | 145
SAH 2.74 127.1 a 261.7 | 1864 | 2554 | 1.7 22.35 8.2
| 1.05-4 | 10.1079) | (5.0047) | 52 137.96) | 127.04) | (37.001 {10086y | (0.pgey | 026 | 0052 | 087 | 089 | (4g
SAH | 2.69 127 " 3126 | 1732 | 2057 | 140 | 932 217
43 - )
1411 | (0.1058) } (5.0040) (4533) | (25.12) | 1a2.88 | (0055 | (0aen | @320 | 0150 [ 100 [106 | gy
SAH | 263 1210 | 410 2808 | 1531 | 2802 | 188 | 12.57 206
142 | (0.1035) | (5.0044) 140.73) | (22200 | (3620 | 10.073) | (0.495 | O70% | 047 [ 085|055 | e
SAH | 2.57 1270 | g0 2708 | 1174 | 1884 | 220 | 16.13 16.8
1-1-3 | 10,1010} | (5.00204 130.29) | (17.02) | (2732 | (0os0) | (o635 | OF%1 | ©142 0641082 | gy
SAH | 2.79 1270 | g0 2839 | 1614 | 2450 | 160 | 1054 18.6
1.1-4 | {0.1098) | {4.9984) (4117 | (2341 | (3553 | (0.063) | (0.415) 0.574 0.152 ] 0.83 | 096 {16.9)
SAH | 251 ] 6900 2052 | 1991 | 2872 | 145 | 453 78
620 .
1-31__| (0.00001 | (3.50401 42.81) | (28.88) | (1165 | 100570 | (o1e0) | @576 | 0300 ) 097)1.00 | (15
SAH | 255 | B0.08 2553 | 1516 | 2406 | 1.75 | 6.12 64
132 | 0.1008) |13.5072) | % (37.02) | (21,90 | 134801 | (00s0) | (02ay) | ©687 | 0286 | 0821086 |
SAH | 262 | B9.05 2896 | 1613 | 2368 | 2.8 | 787 18.1
20
133|100 [i35058 { B 140.99) | i23.40) | (3438 | 10.085) | o.31gy | B35 | 0277 (OO 06 | 60
SAH 562 1270 3240 | 126.7 | 3001 | .75 | 584 20.6
134 |(d.1033) |(s.00an | 5% | oy | gase | asss {ooea | 0230 oses | 0aco |roz|riwo | B >
SAH | 280 | 127.1 N 9737 | 1231 | 2300 | 218 | 767 75
135 |©01102) |5.0050 | *® (30.70) | (17.86) | (33.361 | (0.08e) | (0302 | 0780 | 0285 | 078093 } 4.
— 9

[T>> oy = 285.1 MN/m? (42.8 KSI)

b LOADS ESTIMATED, CRYOSTAT INTERFERED WITH LOADING
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Table 27:

STATIC FRACTURE TESTS ~ LIQUID HYDROGEN TEMPERATURE 2219-T87 WELOMENT, 1 = 7.62 mm (0.30 In.}

I
r SPECIMEMN TEST FRACTURE DATA
g & . -
[a) W o~ | x F = »
- Q o T & T o 2 & - 5
o W E © Y B | & 235 K z2|2
« w 3 0o & ] @ e & w = @ . « 2
w X E R S » & °of |2 =zt | |2 T 2 @
@ Q_ "D‘.. =a =z — b= o= a anly Il e X
= I ox Q5= Q i 0 g = . . 3 E WD =l ol > > 4 X J
z S| 28 1ZEx| £ | wx | 2¥ |z e olE 29 (3122 & |8 (248
we | ws | gaa| 2 € | 3o | b | 22 |25 [Z3F |FolgS| @2 | |z E
[T} T} sSJdq & 3 E o E © <= 48 [Z4ly |==ziE ) o Ta =
3f | 28 | 282 IEVES |57 |5 2% IRy |2Ees 1
© © &z |65 |« SE | 2 O ] L
= = = ==
SAH | 7.58 2287 o 2508 | 1660 | 2488 | 363 | 24.89 " 23,1
31.1_| {02985 | (9.008) | 46 LHy | 3637 | (2407 | (36.09) | (0143 | tog8gy | %479 | 0146 1093 003 | o6’
SAH 7.66 228.7 o @ 214.0 17 | 207.2 533 | 34.54 284
312 |(03ms) | 004 [ 43 {204°2|;°Fl (31.03) | (16.99) | (30.05) | (0210 | (1.360) | @697 | 0184 | 0TTH080 | 55y
SAH | 7.66 228.7 s | 189.2 B23 | 1422 | gsg | 4293 219
31-3 | (03015 | (9.005 | 48 (27.44) | (11.93) | (2063} | (0263 | (16007 | OB72 | 0158 10531071 | (357
SAH | 764 | 1274 5 2716 | 1809 260 | 1295 5.6
332 |w03008 | (50038 | 394 13037 | (2620 T |qoa0p | osio | &38| 0200 4 = 10 ) 50
SAH | 7.61 127.1 470 2675 | 1747 | 2529 | 368 | 12.70 253
, 0.200 | 094 :
221 | (0.2908) | (5.0020) < (37.38) | 25341 | esel | 0.148) | 060 | 048 096 | 30
SAH | 7.57 127.1 250 2093 | 1271 | 2056 | 643 | 2248 | gges | 0288 | 077 266
.3.3__ [ (0.2982) | (5.0039) {30.35) | (18.43) | (29.82) | {0.253) | (0.885) 848 ' S (24.2)
SAH | 7.59 89.0 190 2206 | 1857 | 217.3 | 508 | 1740 | 4 0202 | 0.81 24.9
334 |(02990) | (3.5023) (31.99) | (26.93) | (3150 | 10200 | 10685 | O | © STI0B2 0 o0
SAH | 764 88.9 450 2389 | 160.4 408 | a6 0.278 265.2
335 | (03008 | 35022 134.65) | (23.26) (0160 | 0575 | 5% | @ — |28 | 529
SAH 763 88.92 o 272.1 | 205.3 — 356 | 782 0.466 455 ftoz | 222
351 | (0.3003 | (3.5008)] 2 (ag.an | (29.77) (0.140) { (5/308) 0455 & — 11024 02
SAH 7.63 88.91 o 2459 169.2 2426 4,70 10.92 0.516 090 | ooz 231
352 | (03004 | (3s002| *® 135.66) | (24.54) | (35.19) | 0185} | (04308 | 0.430 21 210
SAH | 7.67 88.90 v 2218 | 1553 | 2087 | 643 | 1422 | pgam |- 0.78 22.4
353 | 030200 | (35000 3%° (32.17) | (22.52) | (30.27) | (0.253) | (0560} | 0.452 083 | o)

[T=> oy = 268.2 MN/m? (38.9 KS|
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Tabls 28: STATIC FRACTURE TESTS — ROOM TEMPERATURE  6AI4V TITANIUM WELDMENT, t = 0.51 mm (0.020 In.)

SPECIMEN

TEST FRACTURE DATA
7|« z
—_ L Tr = ey
- g br.‘: z 5 T 5 = & i% =
71 wE I~ . g X | E z 0 E z 52 z
w 3 L= i a W T = w2 a e 4 5
T Z - - ¥4 = a b o E =} - = xfuw - < = « =
o X e Gu I3 53 | = = z T z @ @
@® U = _—y Z - b= | 8 Z ZE |,E|Z | = FE x|l 2 v
S | Z5 | S5 [95F| & | P |92 | 8% |3z |2° [88 |ELY z |y |2¥s | Fus
= wZ 2z SEXl 3 N g |45 - [E2|E (2828l 2 |8 (vua | RE8
o= | 8T |&E32) 2 5% | 2% | %S | 22 | 2§ (295 |Ezled| (L |28 £ o f
$E | 8 |Zg5) “ 2L | 53 18 cT |ES [F2ly |2%|z3 spz| Baz
© L5 |65 |« zE | 2 g | 2z =<
pany Ll
STR | 0.55 30.54 9853 | 630.9 0.28 B 34.8
; . o , _ ) 4.06 — . -
2.051 | (0.0215) | (1.2025) | 55 AR | (420 | 915 0.011 | (o160 | *512 | 0069 0971 517
STR 0.55 30.46 @ 912.2 801.2 [ 041 5.84 329
- . : 0. 79| o, . -
2052 {00217} |t1.1992) 295K | (132.3) ]> (162 | (0.0te) | (0230 | 20%° 070 10751 090 | o)
OF)
STR 0.54 30.60 . |17 7647 | 3689 | 6006 [ 043 | 737 248
2.053 {(0.0213) |(1.2008 | 35 (1109) { (535 | 870 [j0.017) | (020 | 2728 | 0099 1 0891 075 ] ooy -
STR 0,54 30.47 101291 7164 | 9936 | 023 1.70 3.5
211 (0.0212) | (1.1598) 60° {146.9) | (103.9} | (144.1) | (0.013} | (n.067) 0.613 0.194 | .97 } 0.89 {30.5)
STR 0.52 30.47 o 1012.9 900,5 | 0.41 2.34 33.8 _
212 | (0.0204 | (11998} | 7° (1469 | ~ | (1306 | (0018) | 0logn | 0784 | 0174 (08B l089 | oy
STR 0.49 30.46 o 944.6 _ 8777 | o4 1.06 34.4
2-1-3 {0.0192) | {1.1996) i {137.0)_ 127.3} | {0.018) | (0.120) 0833 0.133 | 085} 0.83 {31.3) -
STR 0.49 30.51 a 1074.2 | 8867 0.20 0.76 0 26.2
- 417 | 0267 | — | 1.05 -
2-3-1 ote2) | (oo | % (155.8) | (128.6) {0.008) § (0.030) {23.8)
STR 0.53 30.44 1006.7 | 8405 | 9667 | 033 1.22 0625 | 0271 1095 | gog | 298 -
232 | (0.0208) | (1.1985) o (146.00 | 1121.9) | {1402t | (o.ma3) | (0.048) | ™ ' ) (26.9)
STR 0.56 30.58 o 1057.7 | _. 10315 | 0.48 1.40 oge8 | 0345 1101104 | 352
233 |100219) | (1000 | & (153.4) (149.6] | (0.013) | {0.055) ) ' = {32.0 -
STR 0.56 30.42 - 977.0 [> 937.7 | 0.6 1.37 0811 | 0333 |092)oes| 312
2-3-4 (0.0222) | (1.1978} (141.7) 136.0) | (p.018) | 10.054) : . ' {28.4) -
STR 0.55 30.52 a 7.0 | 974.3 N 0.25 0.58 _ 1110 | 248 _
251 |wo215 | (12015 ] (162.0) | {141.3) 0.010) | (0.023 | 0465 | 0435 : (22.6)
STR 0.50 30.48 o 11156 | 9329 | 1089.4 | (.33 0.81 - 1.09 28.6 _
252 | (00198 | (r.20001| 0 (161.8) | 1135.3) |1158.0) | (0.015) | (0032 | @787 | 0469 |1.07 126.0}
STR 0,55 30,48 o 1035.6 | 9187 . 0.43 0,99 — 102 300 _
§ 253 lwo2s | (1200n| 7® V| s | (1328) (0.017) | (0039 | %791 | 0436 (27.3)

[T>> oy = 1020 Mnv/m? (147.9 kSN

|> NOT INSTRUMENTED FOR DIMPLING
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Tabls 29:

STATIC FRACTURE TESTS ~ ROOM TEMPERATURE BAI4V TITANIUM WELDMENT, t=1.78mm (0.070 INCH)

[> oy = 1035 M/m2 (150.1 kst
[Z>> NOT INSTRUMENTED FOR DIMPLING

SPECIMEN TEST FRACTURE DATA 1
= - - —
o v . 2 T £ = v
- © o 3 | = o= L} & g
§ N W= = S u G x E % 5 Rk} 22|12 tg
« z - 3&‘ w ﬁ a z L a « _._Z._ - a . x§ > 4 5
w o X w = - o = u T 4dr @ < w
2 O o | 92a| 2 E. |l = |32 z zc £z x| & B x| 2 ¥
= =z ag nZs & o w = o= q_ a4 £ 5% B a T = .. =
2 o =g | 220 ¢ we | 2% | § T | o <02 1asia2| T | 2 Lo | fia
W= W= I %) > S ity ¥m _JE &1 S Z(’_ '__D;_J o ) zZx E = E
ge | &g [285| = | 25| &S |37 [ET |ES [y (2323 ° |° |22 2| &=z
© @ -0 £ 158 | SE |z Ol &g Yu 5
o = - [&] L
s
STR | 181 6341 | o0 0915 | 7853 | _ [ 088 | 5982 [ ool o T “[oee| 4
811 | 10,0712 | (2.4905) ar L0238 | (139 (0.033 | 1023 | © - (51.3)
STR | 184 | 4463 o | © 7957 | 5033 | 7738 | 132 | 838 52.3
812 | wores | (15301 ¥ 205K | (115.4) | (73.0) | (112.2) | (0.052) | {0:330) 0717 | 0188 | 075 ) 077 | 457, -
STR 1.74 44.67 480 (72°F) ™ 3371 | 3199 | seee | 146 1054 1 o0 | o137 058 | 071 222
813 | (0.0686) | (1.7588) (106.9) | (464 | 87.00 [ 10057 | 041 | © : ' : (38.6) -
STR | 1.70 | 44.44 8296 | 639.9 109 | 7.75 §23
270 — — —
814 | (0.0670) | (1.7496) 1203 | (92.8) (0.043) | (0308 | 0842 | 014 080 | 147.6)
STR | 179 | 3.2 " 1037.7 | 9406 | o 0Ba | 284 - o
831 | (00708 | (1.2400) | > {150.5) | {136.4) (0,033 | {0.112) | 0468 | 0.295 1001 s -
STR 1.84 31.67 o 991.5 741.9 - 117 3.94 55.4
832 | (0.0723) | 11.2468) | 49 (1438 | (107.6) (0.046) | 10.156) | 0636 0207 | = 1086 | (50 -
STR | 178 | 31.65 o 8928 | 5675 | B274 | 145 | 483 50.2
833 | woroz | n.2e60| ¥ 11295) | (8233 | (12000 | (0igs7) | (0.190) | 0812 | 0300 | 080 | 085 | (a5 -~
STR | 170 | 918 | _ 886.7 7485 1 125 | 521 63
834 | (0.0668) ] (1.2577) 2ae | > | o8 (0.057) | (0.205) | 0853 | 0278 1072 086 | (450 —
]
STR 1.78 2017 o 1096.3 | 7385 081 1.70 a1.7
851 | (00700 | (0.7940 [ 5" (15000 [ o7 | T | oos2 | wosn | 9457 | 0478 | — | 106 a0 —
STR | 178 | 20.41 " 10453 | 9260 | 1036.3 | 114 | 2.46 : 474
I 852 | (00702 | (0.6034) | 58 (161.6) | (134.3) | (1503) | (0/0a5) | (0.007) | O€41 | 0464 | 1004 101 1 o —
STR | 180 | 2031 R 9694 | 6143 | 9577 | 152 | 3.23 : , 297
853 | (0.0708) | (0.7997 | 56 11406) | 89 | (1389 | (0osoy | (0127 | 0847 | 0472 (0830 L0 -
STR | 181 ates | _ v | 9005 8343 | 155 | 368 457
854 | (o712 | (1.2573) Gaos | > (121.0) | (o081 | (01as) | 0857 | 0421 | 0811087} e — 1
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Tabie 20- STATIC FRACTURE TESTS  ROOM TEMPERATURE 6AI-4YV TITANIUN WELDMENT, ¢ =5.35 mm {0.21 INCH)
SPECIMEN TEST FRACTURE DATA
7 T =
. [=) W " T s = 94
gt [ (o) & T e = o T
g wE | & o ;B | E |23 3 =8z 5
o =z - GCC w 8 Y] I NE 0O o - g; . 4 4 g |
u v I éu_ = g 14 g - = -~ Ll T < » < ]
2 9= Bs gz & bz b= {8 E Z E |LEIE e EExX]| 2 ¥
> | E& | s8 [25-| & | 58 1ol (2% |3z |2° |38C [ELY s |38 | tus
wE | W 1258 2 | &5 |54 |Ce | 28 (25 BB [203Y e | % |EETR| 5%
4 E < E 2o w 4k := < IS |29 =35w IzEice © ) A =3
< ==z w = E = iLjo |£<|2 - og
5 E gE olo <=z 5% | & ZE |2 < g é ER = | ¥u=
# — T T,
STH 5.25 76.35 863.2 — 262 | 1854 - |q 85.7
2111 | 02068 | goosn| 52° | AN | uzs2) B (0,103} | (0730) | 0498 | 01 080 | gaoy | T
STR 530 [153.17 o qgg0K | 7318 5013 | 7187 356 | 24.77 80.6 146.7
21-1-2 | (0.2086) | (g0a02)| *7" 1} {0p) | (10611 | 7273 1038 | (0,140 | (0:97s) | 0871 | 014 ] 07408 | 5ah | 123
STR | 631 15237 o 6233 | 2413 | 477.1 | 4.70 | 29.59 59.0 1376
2113 | 0.2001) | (5.0000;] 4 (90.9) | (35.0) | (69.2) | {0.185) | {1.165) | 0888 | 0159 10501065 ¢ .5 | (3259
STR 5.37 76.36 981.2 877.0 1.75 11.56 80.4
21-14 | (021180 | 3.0063] 47° {142.3) | 127.2) — {0.069) | {0.455) 0326 | 0182 | — | 102 (73.2) —
STR | 513 45.57 R 9019 | 779.8 _ | 272 | a9 _ 76.7
2131 |(0.20200 | (1.7942) | 3 {130.8) | (113.1) 10.107) | (0352 | @530 (| 0296 054 1 2oy -
STR | 553 7608 | 1o 8674 | 6309 368 | 12.83 86.9
2132 | ore | oy | Y 1125.8) | (91.5) — | (0.145) | oip | *666 | 0282 | — [080 | o7 —
STR 5.67 76.35 o 7708 _ 4,62 16.59 ' 85.7
2133 | (0.2232) | (3.0058) | 4C (111.8) ™ | (0182 | pgsm | 0B85 | 078 | — | 0BO L oa) -
STR | 5510 76.26 5 9481 | 7936 264 | 9.5 K]
2134 | (0.2170) | (3.0025 ] 8 (1325 | pisy | — | o4y | ozeey | 0479 | 0286 | — 099} oo -
STR_ | 523 |15274 870.1 | 6233 373 | 1134 86.0
2135 | (02060 | (5.01320 | 43° 126.2) | (90.4) = [ (01an)] o525 | 0714 | 0280 | — 1091 | 0 -
STR 5.0 152.86 o 757.8 3158 | 6095 4.70 16.43 66.6
2136 | (02088} | (6.0180} | 27 ¥ | covs | uss | (esa | ©ies) | opay | 0887 | 028 | 063078 1 Lo -

[> ov - 9612 Mw/m2 (1394 kS1)

D DIMPLING STRESS NOT OBTAINED BECAUSE OF STRAIN GAGE MALFUNCTION
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Tabia 30:  (Continued)
SPECIMEN TEST FRACTURE DATA
gg & . -
[») W - . X S _ ¥
ot U] © £ & T [ L] s - g _
@ wE = ° o EX | & 23 k} z52 3
w 3 0 Y ] @ T~ P w =z 2 a8 - 5
& g T a4 & = | @ o E =) -4 = |8 . ez F 2
@ 5 i g z [ 23 | 2 z L | T a8l z @
= = ag 0Zs] 5 = &= o s g < £ |2 = alb X[ &= X
2 | E§ g (230 £ | 48 g |ET |z |d . [F002 &g (i85 | Leg
= W = — ’ — — — by
Tl S | wS | 238 2 | Sy | Av |Ee |22 |25 |3 |Z0RE e |% |EEE| <t
< E <t | Zac| @ JE PSS | = == 122 w22z 2. 2| o2
=z i EE = wjw (=<2 y gk =
L @ E o E fafu 3] ff. § g i St z g = 3 T g ¥u =
STR . B - —1
A | a8 | as12 o | ar 8536 | 568.8 _ 1aet [ 718 _ 665 _
21-52 |(0:1922) | (1.5006) | 5 o | a2s | w2 (0142} | (0305 | 0739 | 0466 089 | (523
STR | 5.28 a5.82 o | 2950k | 7553 | 5033 | 7398 | as50 | 9.65 65.2
2153 | 02079 | n.goaoy | ° | (7206) | (nos 1y | 73 | €073 | 01771 | 037ey | 0857 | 0471 | 077 a7} 2o -
STR | 5.02 38.16 o 9390 | 895.0 262 | 561 546
2164 101977 { (15109 | 53 (136.2) | (129.8) = | (0103 | (0221 | 9921 | 0466 | — | 088} g -
STR | 5.35 76.26 R 9818 | 8495 262 | 569 1 682
2165 {02108 | (3.0025 | 42 (1424) | (1232 | — | (©103) | 10224) | O48% | 0460 | — } 102} o, -
STR | 6.36 76.25 - 9191 | 7018 _ 371 | 796 _ 751
2156 |{0.2110) | (3.002 | 47 (133.3) | (101.8) (0.146) | (0.313) | 0692 | 0.468 098 58 -
STR | 5.64 76.38 N 857.0 | 5688 | gaza | 465 | 968 : 76,7
2157 | (02220 | 300721 | 36 v | 1283 [ (825 | (12019 | (0183 | (o.ago) | 0B | 0470 | 088| 083 (oo | -~
_

=

0y = 961.2 MN/m? (139.4 KSI)
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Tabie 31 STATIC FRACTURE TESTS — LIQUID HYDROGEN TEMPERATURE BAI4V TITANIUM WELDMEN?; t=0.5Tmm (0.020 INCN)
- A A
SPECIMEN TEST FRACTURE DATA
5’; i - -
e Y. " I "“a — hv4
= o o T 3 b - z g T
” © 1o |58 |E |93 a =32 g
w X E 7] e - poet - "y
« w 2 e ] @A uw I o a uws @ . c 2 z
z Zz x o I = w T o E = riw <5 G « 5
o x [ oL z [id = 2E H = =2z | £ Ao W Z w
= 1P az ze| § £z | oz | © SR ) = B X | 2 ¥
= I3 =5 |zoF| & 7| 08 | &= 3z |2 Lalg (2R oty |f25a | fua
z -2 =2 12Ex| = w¥ | FX | T s B ExT =Wz 2 [ & |vaus | Ea
e L X > o« = ~ m - 4. [E= =o =W m |y zax £ | <2
= = ade z Ly a0 Yo =z ] Zz|- o=~ 0 = -
2 -4 =QZ| W Jf ek | g 4= |28 [E%w |Z2Ez| © 1o |22 ]| 223
2% | g8 | 288 ST EE 5 |35 |50 Fap R Er 3| 582
i5 | o5 | = ZE | 2 < ol g =
— —==
§TH 0.51 30.49 490 LH 1473.5 |1250.0 1401.8 0.18 2.16 37.8 _
2051 | (0.0201) | (1.2002) a2 | (2137 [(1826) | 12033} | (0.007) | (o0ss) | 0348 | 0082 1080|084 | 5,
STH | 086 | 3047 | __ |0k | t1866 10618 | 023 | 305 37 826
2052 | (0.0219} | (1.1996) (a230m ) (1721 > (154.0) | (0009} [ (pirzey { M1 | 0075 | 0601067 | o | 752
STH | 057 | 3044 o 9488 | _ B77.7 | 033 | 495 312 861
2053 | (0.0223) | (1.1985 | © (137.6) (127.3) | (00131 | (g1g5) | 0583 | 0067 | 050 1 0541 oot | (77
STH 0.56 30.43 1231.4 1010.8 0.23 3.40 30.2 50.8
2064 | (00222 | (119791 | — (178.6) > {126.6) | (0.009) | (p.13a | 0405 | 0067 1057 1070 | oo | (gag
STH 0.55 30.42 o 1377.6 10225 | 1288.7 0.30 1.68 0.556 0.182 [(0.73 | 0.78 40.7 —_
211 | (oo216 {11978 | 40 (199.8) | 1148.3) | (186:9) | 10:012) | (0.066) (37.0)
STH | 052 | 3045 o 12342 | 7550 | 10018 | 038 | 2.39 %5 | 758
212 | (00203 |(1.1088 | 52 (17901 | (1095 | (1a53) |10.015) | (0.00ay | 07392 | 0160 | 05710700 oy | (g9 )
sTH | 053 | 3041 o 997.0 | 628.8 | 839.1 | 043 | 3.05 . L Lo 32.0 69.5
213 | (00208 | (17 | 2 (246 | @2 { 121 |won | 2o | 0817 | 0142 [ 0481057 oo | 63y
214 | (00203 | {1.1988) o | > 0.007) | (0.047) 0149 | — | 0881 367
STH | 0.54 3050 | _ 14197 030 | 178 | osee _ | 458 —
215 | 10.0212) | (1.9008) soee | > | B> | 0o | woro 0.171 0814 417)
STH | 0.54 30.54 o 11480 ] 13032 ] 030 | 170 | 0,069 413 —
216 | (00211 | (120231} °° v Na[Z> tees | (18.0) |02 | 1ooe7y | (0069 | 0.179 074 (37.6)

NO BREAKTHROUGH INDICATION, MAY HAVE BEEN MALFUNCTION IN-PRESSURE CUPS
SPECIMEN WAS LOAD/UNLOAD TESTED, THEN MARKED BEFORE FINAL FAILURE

s
oy = 1759 MN/m?2 (266.1 KSI}
NOT INSTRUMENTED FOR DIMPLING
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Table 31: {(Continyed)
ﬂ -
SPECIMEN TEST FRACTURE DATA
(] é — L I‘ E P W

- o [~ [T I b= 2 & - 5

. . . —

@ W E S g Lx | & 23 K z32 Lg
« g i a2 w 7 w I o & Y= a2 . x @ a
w 4 T I = w 2 o E = x|l =Tl 2 Z
o ) = oL 2 w E >3 z zE Bz -] I iz 2|3 @
2 Oz | B |wzz]| & B = 5|28 | 3 T e |2ul% | E| 5 R
5 I 0 Z0F | & o2 o | & T | & |8 |8 2|2 |day N,
“ mZ | 22 |3%%| 5 | ES 125 |Ee |58 |55 3T |ZAIRE[ S |8, |2Ea | 255

= = . o = i S|+~ o @ ¢ 2o E = E
Q < So«<| & 3% TE | Xe <SS |28 (29| |[EzlEZ|l o | & |Ta S zZ =
SE | 38 | 5395 23 |2z | & EE |ES [2|e |232E Er 8| 2%
w = 5% | & ZE |2 ;3 o RS =
——

STH | p4g 30.51 17162 | 15314 0.20

: : o : — . 0.79 — 420 —
231 | ooie2) |zom | 550 | tHa | aagy | (202 0008} | ooan) | 47 | 0258 098 1 (a2
STH | 054 | 3049 20°K | 14583 13900 |. 033

. ' o a - —_ - U 1.17 41.1 —
232 | 0.0211) | (1.2002) 57 (-423°F) 1211.5) {201.6) | 10.013) | (0.046) 0.616 0.283 |0.79 | 083 {37.4) i
STH 0.51 30.54 o 1197.0 11197 | 046 1.40 36.6

. . . — . . 0.806 - 56.2
233 | 0.0z01 | (r.20201 | % (173.6) {16241 | j0.018) | (0.055) 8 0327 | 064 | 068 {(32.2) (51.1}
STH | 051 30.52 o 16879 | __ [ 16520 [ 025 | 0.8 5.2
251 10,0200 | (12015 | ©3 (244.8) 1239.6) | 10.010) | {0,023} | 0.500 | 0.435 |094 | 096 | o0 -
STH 0.51 30.51 o 1586.5 _ 14714 | 038 0.86 392
252 | (0.0199) { (1.2012) 55 {230.1) {213.4) | {0.015) | (0.034) | 0.754 0.441 | 084 | 080 (35.7) —_ |
S5TH 0.53 30,45 o 14252 — 13900 | ¢43 1.07 40.9
253 | 10.020% | (11000) | 7 {206.7) (2016} | (0.017) | (0.042) | 0821 | 0405 } 079|081 | a7 -
STH 0.54 30.51 a L 1450.7 12101 1390.0 0.46 0.94 38,5
25.4 |00 | 201y | 18 (210.4) | (17550 | (201.6) [ (0.018) | (0.037) | 0853 | 0486 | 079|082 | 55

[> 0y = 1758 MN/mZ (255.1 KSI}
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Toble 32:  STATIC FRACTURE TESTS — LIQUID HYDROGEN TEMPERATURE GAI4V TITANIUM WEL DMENT,  t=1.78 mm (0.070 INCH)

SPECIMEN TEST FRACTURE DATA I
@ - . z |
- e |e =58z |5z | = & EG - -
4 wE E . u e | E z 0 3 Z 512 2
w 3 0o o a o T o w w =z a a2 g
i Z : = s i} @ o E o 4= T|& N N
w V4 I EETS = - T <T @ 7]
B | 8. | E. |9s.f 2 |E-|E-(22 (2 |38 |LEz| 5 ¢ SEEIE ¢
5 | 28 | 53 |g8( 2 | 2@ | e (€% |dz |2° [8E |sELE | |E5s | Cus
z SEw = = Z= T - =T |<d 2|18 |(vuw )
wf | w2 (28] 2 | S | S [Ce | 22 |25 [B5F oS8 2| |22 E| 23T
SE | g8 [z88| ® |32 (%3 |5 |E:|E° |28 |23y T |° |Es 2| S=%
© © N is | 85 |« ZE |2 I e =<
- -t L
— m:::::
STH 172 | a4.78 o0 8336 | 7185 | 8263 | 089 | 6.10 448 825
11 | wosre [zean | °0 | wwp, | o208 | 0042 | 0797 | 0038 | 02a0) [ 0516 | 0146 046 ) 045 | 45 | g5
@
STH | 1.76 | 4a58 o A 6943 | 6623 — 122 | 8.8 _ 44.0)
812 | (0003 cyss) | % | 20K (007 | 1946 {0048) | (0.330) | 0693 | 0-145 038 | (00 |
STH 1.82 44,68 O B67.5 423.4 557.1 1.47 10.41) 38.7 751
g1-3 [ w0one}se | ¥ (82.3) | 614} | (80.8) | (0058 | {0.a1r | OB0B | 0141 O3V 03T} ooh b (683
STH | 1.76 | 31,62 _ 1654.8 — | o038 | 175 ] 57.7
314 | (0.0891) | (1.2450) 1240.0) > 0015 | oose) | 0217 | 027§ — 082 | oo, -
5TH 1.73 32.02 o 1361.8 —_ 0.5t 343 ; 57.7
815 | (00681 | (1.2605) | 4 {197.5) (0.020) | (0135 | 0204 | 0348 | — 075 | o -
stH | 1.83 ael | 1316.9 — | 071 | 249 a9 — 56.6
831 | (0.0719) { {1.2564) {191.0} [> (0028 | (0.008) | 0.286 0.73 1+ (515 -
STH | 174 31.88 o 10018 | 81697 | 94308 | 1.14 | 204 : 50.2 796
832 |(nossn | (12ss | ¥ (145.3) | (1183) | (136.9) | (oloass | toi1s5) | 0695 | 0.290 [ 0521058 | ;o0 | 504
STH | 1.73 31.75 N 7729 | 8571 | 7026 | 142 | 521 | 0g20 | oors a2t 714
833 |i0.0683 | (1.250) | 47 1z | sod | (101.9 | (0.056) | (0-208) - 0391043 | o5 | (647
STH | 1.74 31.91 _ 1503.8 — 1 0s6 | 163 | pam s | 54.2
834 | (0.0686) | {1.9562) G | [ 10.022) | (0.064) | > 03 083 | a9y | —
stH ] 1.78 20.41 14157 | 13893 | | 081 | 1.7 533
§51 |(0.0701) | 08037y | 42° 1205.9} | (201.5) (0.032) | (0.0s8) | 0458 | 9471 | — 1078 | L -
STH | 1.78 20.41 " 1004.2 | 9694 | 10756 | 1.14 | 239 | oot 6.0 675
862 |(0.0702) | (0.8034) | 3B (158.7) | (140.8) | {156.0) | (0.045) | (0004 | 0479 1060 1 061 | o'y | (s18)
stn 173 20.37 . 917.7 | 7860 | 9060 | 150 | 320 | opas 255 66.0
853 |(0.0700) | (0.60200| © (133.1) | (114.00 | (13190 | (0089 | 0126 | 0468 1050 1 081 [ 0 | won
sTH | 1.68 363 | v 15148 1088 | 142 0 — Toss | 518
I 854 | {00863 | (1.2570) (2197} > 10.027) | (0,086 | 0497 | 0482 : 147.1) -

R
[T oy = 1804 MN/m? (261.7 ks1)

D NOT INSTRUMENTED FOR DIMPLING
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Table 33:

STATIC FRACTURE TESTS — LIQUID HYBROGEN TEMPERA TURE 6AI4V TITANIUM WELDMENT, t=5.33 mm (0.21 INCH]

SPECIMEN TEST FRACTURE DATA
2 - . = B
- e |e |[£5 |z |6 | 2 2 -z
] = = © j b X 5 $35 s z 355 =
us 3 ne = ] @ & = ) ~ wa = =
@ - g s th ] I~ o o= 171 . & F -
w = hd o T = LLt o ) _E — Ifw < T 5 P &
@ 8 B Ooal 2 o E= 132 (3 Z2E ElZ2 | z| & EE x| 2 x
= T | ex |e92%| & GZ | 08 123 | 32 |38 28% | El Bl »~ <X | Twy
3 EU z0 22F x w ¥ Ow % n L ™ 5|8 25|22 & y Ly e &
z wZ wZ g’i?f ; =Py %,:,’ F om a3 a4 = Ez|X Ec Ll = o zg ' 43‘?5
$e | ZE [Z88( % | Y [ EE|Z° [ ED|EE PR (sl Y| |Es 5| 25
g E 0E |a3dd 2Z | sz | & _L%E E u-g —E-g g 2| xa &
m — -_— '
STH 4.95 76.42 564.0 - _- 262 18.59 52.3
21-1-1 | (0.1950) ) {3.0086) | 52° LHp (81.8) {0.103) | (0.732) | 0528 | 0141 | — lo32 1 455 -
STH 5.30 153,17 a 3785 | 373.0 3.63 25.27 41.0
21-1-2 | (0.2086) { (6.03021 | 49° ( fg;},(ﬂ (54.9) | (54.1) ~ | w143 | i0095) | 0686 | 0944 | — 1022 1 (357 -
STH | 53 152,37 480 3847 | 3020 | 3682 | 4.52 29,34 o1 0.91 44.1 BA 5
2113 | (0.2091) | (5.9950) {55.8) | (43.8) | (634) |{0.178) | (1.155 | 0-851 A58 1 021 022 | ooy | (760
STH | 631 45713 o 608.8 _ B 260 | 009 487
21-31 [ (02092 | (1.8005) | 52 {88.3) (0.104) | (p,358) | 9497 | 0201 | — 1035 oo -
STH 5.61 76.25 o 6054 | s557.8 - 363 {13.08 57.6
21-32 | (022109 | (20018 | 35 (87.8) | (80.9) (0.143} | o515y | 0847 | 0278 | — | 035 | ), -
§TH 5.62 76.45 473.7 4247 4.67 15.84 50.0
2133 | (0.2212) | (3.0100 | 3¢ 68.7) | (6160 | — | (0.184) [ (olee3 | 0832 | 0278 | — 027 | -
sTH | 507 |30t o 812 | _ | 254 | 554 _ 58,2 _
21-51  {0.1998) { {1.4964) | 52 (127.8) {0.100) | (0218 | 0501 | 0459 081 | (3
STH 4.99 38.19 o 661.2 | 356 | 781 [ 08
L 2152 | (0.1966) | (15035 | 53 (95.9) | — (0.140) | (0297 | @712 | 0471 0381 e | —
STH 500 | 4579 - 563.7 445 | 045 a7s
2153 | (01967 | (1.8027) | 53 v 803 | — [ (0175} | 037 | 0890 | 0470 [ — J032 1 Lot~
__“_-

[T>> oy = 1735 MN/m2 (261.7 KS1)
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Table 34: CYCLIC TESTS OF 1.60 mm (0.063 INCH) 2219 ALUMINUM WELDS PASSING oy PROOF AND CYCLED AT 0.85 oy
IN ROOM TEMPERATURE AIR (SPECIMENS PHUUFED BEFORE CYCLED)
w = STRESS
22 FLAW FLaw INTENSITY
DEPTH, | LENGTH /
THICKNESS| Gu X \ |
SPECIMEN ¢ jwotnw| g=o LOADING a e [TRESSe | 9 a/2¢ a/t KImax REMARKS -
[y m MM/ 3:’2
me ((NCH) 2Ry mm (INCH) mm (NCHI| o > m
z8% {KS1VINT
oo 4:#
114 2057 174.4 1.00 0.056 0718 19.1 DIMPLED AT
START PROOF | poam | oé1o | (263) (17.4) 82,1 MN/m?
1.27 2057 174.4 1.00 0.062 " 0.796 21.7 {11.90 Ksi) -
rasy. | 180 1272 o D PROOF w0050 | ©810) | (253 R
851 0629 | 15.072) START cveLes| ody | dam | _ival 083 o062 27% 1 052
1.60 2057 1482 0.85 0.078 1.000 21.8 BT AT 75
END CYCLES weezo | o | e 1Y) AL AR
150 3057 2208 126 0.078 1.000 —
FRACTURE {0.0629} (0.B10) (32.0) -
1.42 10.67 140.0 16.5 DIMPLED AT
START PROOF | (ggse) | 0420 | 203 080 0.133 o.915 i15.0 71.0 MN/m2
PAG-Y- 1.56 89.0 530 1.55 10.67 140.0 0.80 0.146 1.000 123 (10.30 K51
852 (006121 | (3.5050) END PROGF wooa) | 04200 | iz03) wsn  §_ D T
155 T0.67 7187 1.25 0.146 1.000 -
FRACTURE 00s12 | 420 | (31,75 —
. 4.32 174.4 . . DIMPLED A
START PROOF 133.329! {01701 (253} .00 0288 0.768 1.7} 109.4 MN.’rln
129 16.86 K$§I
END PROOF T 1.00 0.288 ozee | iy | UMEST -
PAG-Y: 1.62 88.9 50 1.24 432 1482 10.7
853 100638 | (3.50501 START cveLes | 128 o330 R 085 0.288 0.768 0.
167 45 1487 123 BT AT 1392~
ENO CVOLES (u 62 | &35 | g 038 0.327 1.000 aig | BraTwme~
T.57 .16 053
FRACTURE o | 10203 | esm 1.06 0314 1.000 -
1.07 8.91 1744 : 165 DIMPLED A
START PROOF | (00420 | (0390 | {253 1.00 0.108 0692 {15.00 112.5 MN/m
1.17 9.91 1744 1.00 0.118 0,758 171.9 (16,31 k5I)
- END PROOF 0.0481 | toaom | (253 (L P
PAB-Y- 1.54 88.0 TART CYCLES| 117 9.91 148.2 0.85 0.118 0.758 14.8
854 0.0807) | 13,6045 s 10 046) lg-g?ﬂl 33’852’ 8 0,156 1.000 112 ?) 8T AT 213
YCLES 1.54 . . 0.85 15 : - -
END C ;o 0607} (0.390} ;21.55) 116.5] —— e — - -_—
RACTURE 1.54 9.91 15. 1.24 0.156 1.000 —
F woe07) | (0390r | (31260 - e
) 1.12 22.86 1738 049 0.700 ! LED A
START PROOF | 1o04a1 | 10500) (25.2) b > EIE 1587 K8
1.27 22.86 173. 0.056 0.795 ' -
PAG-Y- 1.60 121.2 g3Ic END PRQOF {0.0500 {0.900) !|245522| t.00 (13?3 _________
855 10.0620) | 15.0080) START CYCLES| 127 228 e 0.34 0.056 0.795 oo
1.60 IZ2.E8B 1364 ¥ 0.070 1.000 1R BT AT 75~
END CYCLES | \gos2o1 ) (0900} 212 084 (13.8) --—— -
1,60 22.86 : ) 0.070 1.000 —
FAACTURE N OR29 (1901 130 761 1.22

>

174.4 MN/m?® {26.3 KSI)

BT = BAREAKTHROUGH
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Table 35  CYCLIC TESTS OF 1.68 mm (0.063 INCH) 2213 ALUMINUM WELDS CAPABLE DF PASSIN

TEMPERATURE AIR (SPECIMENS NOT PROOFED)

G o, PROOF AND CYCLED AT 0.85 o, IN ROOM

=
§ 3 FLAW FLAW I:I?:::ST y
THICKNESS| ge DEPTH. | LENGTH, " ) .
SPECIMEN t WIDTH, W | (4 zt LOADING a 2 STRESS, o % a/2c a/t Tmax EMARKS -
NUMBER mm (INCHI| 2 21 SEQUENCE ¢ MN/ 2 Y MK/ 3
mm {INCH} d78 mm (INCH}| mm (INCHE | 0 [i> m3/2
9 é (KSIVINT
020 _— |
STRAIN Lig 20,83 1482 0.85 0.057 0.737 16.4
ABY. v62 w1 | GAGE START CYCLES | 15047 (0.820) 121.5) na.9
G . - BROKE 162 20.83 1482 0.85 22.1
861 i0.0638) | (5.0020) | oy . END CYCLES {0.0638] | (0.820) (21.5) o078 1000 201§ _BTATWMr
LOAD- 1.62 20.83 2106 121 0078 _
ING FRACTURE 10.0638) | 10820 | {30.55) 1.000
130 10,54 148.2 . 16.4 P
START CYCLES | (0051 (0.415) {21.51 0.85 0123 0828 (1.9} ?uo.glifr?frﬁ;
AG-Y- 1.66 89.0 210 1.56 10.54 148.2 \ 185 114.64 K51)
852 (0.0816] | {35049 END CYCLES (0.0616) | (0.415) (21.5) 0385 0.148 000 ves | _ __ -
FRACTUR 1.66 10.54 2299 . 0.148 1.000 _ ~
TURE (.0616) | (0.415) 132.351 1.32 BT AT 64
1.30 4.32 148.2 085 81 09
- START CYCLES (0.051) 10.170) 121.5) 0.300 0816 9.9) DIMPLING LOAD N.A.
AB-Y- 1.59 88.9
t3e 1.59 4.83 148.2 0.85 0.329 12.1
853 {0.0625) | (3.4985) END CYCLES 10.06261 | 10,1901 {21.5) 1-000 LT
- 169 4.95 189.1 _ o
FRACTURE w0626 | (0195 (2743 1.08 0.321 1.000 BT AT 873

D oy = 174.4 MN/m2 [25.3 KSI}

BT = BREAKTHROUGH
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Table 36: CYCLIC TESTS OF 1.50 mm {0.063 INCH) 2213 ALUMINUM WEL DS PASSING oy PROOF AND CYCLED AT 0.70 oy IN ROOM

TEMPERATURE AIR (SPECIMENS PRODFED BEFORE L YCLED)

§ § FLAW FLAW STRESS
sPECIMEN |THICXNESS WIDTH, W g;& LoRoinG DEPTH, | LENGTH, sREss o . Ih:(TENSITY, —_—
NUMBER e fmcm mm {INCH} g g ; SEQUENGE a 2c MN "n;ﬂ AY a/2c a/t Tmax '
Fal mm (INCH) | mm {INCH| @ MN/_ 3/
Z8% frsi (KSI VINT
—. OJdg
PAG-Y- 153 1372 START PROOF _u':ﬁggal (08201 | (1688 0.75 0.059 0.795 a3 878 Nitepn3 "
70-1 (0.05041 | (s.0081) §7° | £np PROOF e (Gsiom) 155) 0.75 0.074 1.000 toe) _ __”__4'1_4 _K_SI_]_
FRACTURE ooe0a | ioenny | oS 25 0.074 1-000 =
702 (0.0648) | (3.5044) END PROGF ©0.0648) | (04201 | 1253) 1.00, 0.154 1-000 208) _BT_'.‘\I.E‘_F‘.CQJSE‘_]EQ@_
FRACTURE woss | _tion fa148) 124 0.154 1000 -
START PROOF | (8aan) (32?33; 253 1.00 0.289 0.787 (ﬁﬁém ?531:'&53/31
PAB-Y- 1.61 88.9 00 END PROOF “‘,;éﬁz, ot | e 1.00 £.301 0Bl 232 ) _(11.43 s1)
703 {0.0635) | (3.49921 START cycLes ) (152 e a2t 0.70 - 0.301 0819 o8 T
END CYCLES ooess | 628 1229 0.70 0.307 1.000 o _ BTATeo:s~
FRACTURE 10.0835) (6:20m Hez _ 143 0307 o -
START PROOF | (30an | (g | iaem 100 | o004 ose4 | eg CIMPLED A
ey 0 . . END PROOF (0085) e s 1.00 0.051 0.715 CEN ) __[2'2 ES.I.). L
704 (0.0629) | (6.0060) START CYCLES 4(1:}13:5; tg?avggj ?1272% 0.70 0.051 0.718 I:%g)
enocvees | (180 T azds T | T[T 100 | jen | BTATSI~
FRACTURE 0oo20) | iasan | e 114 0.071 1000 -

=

8T « BREAKTHROUGH

oy = 174.4 Mi/m? (25.3 KSI)
BT AT 130,60 MN/m2 (19.85 K5I), MAX, LOAD REACHED WAS 167.3 MN/m2 (22.81 K51}
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Table 28 (Continued)

W=
98 FLAW FLAW STRESS
THICKNESS SE DEPTH, | LENGTH, INTENSITY,
PECIMEN WIDTH, W za ; K ‘
ﬁnumaen t mm (INCHI| 2 O F LOADING a 2c STE,IES}S‘; %Y a/2c a/t Imax REMARKS
mm (INCH) Jkx SEQUENCE Nl o MN/ 3/
25 ‘ mm (INGH) | mm (INGH) > m3'2
£o< {KS1)
28 KSIVIND
(e 5]
—_— |
ART P E 1.12 9.98 174.4 1. 0.112 0.682 16.6 DIMPLED AT
START PROO 0048) | 10397 | (259) 00 (15.1} 92.1 MN/m
. 119 5.98 174.4 176 {13.36 KSI)
b - g0 oro END PROOF oo o) fagat 1.00 0.120 0.729 aaoy | RS
705 (0.0645} | {3.5035) 1.18 9.98 122.0 070 0.120 116
START CYCLES o4 | w0301 | _Li33) 0729 | 1108
. R 122, 0.7 0.1 14.7
END CYCLES oot ] e | ey ° o4 1000 | gam | BTATISO~
1.64 9.98 204.4 1.17 0.t —
FRACTURE osds) | (3 | 12965 b 1.000
1.04 22.61 171.0 16.5 DIMPLED AT
START PROOF ©041) waao | ag 0.98 0.046 0632 115.0) TeeED 4
END PROOF ooash | oot | bam " 098 0.055 orss | 223 (10.89 ks
PAG-Y- 1.65 1525 550 - — = e ——— ]
708 0.0649) | (6.0088) START CYCLES - I X 0.70 0.055 0.7 :
¢ ‘ 0019) | (550 | iz il I 2.
YCLES : 2261 122.0 70 , , :
END © wosag) | t0goor | (173 0.70 0.073 1090 | uedy | _BTATare~
FRACTURE 1.65 22.61 217.5 1. 0.073 1.000
(0.0649) | t0.850) | (3155 * =

D Gy = 174.4 MN/m2 (25.3 KS1)
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Table 37 CYCLIC YESTS OF 150 mm (0.063 INCH) 2213 ALUMINUM WELDS CAPABLE OF PASSING 0y PROOF AND
CYCLEDAT 070 oy IN ROOM TEMPERATURE AIR (SPECIMENS NOT PROOFED)
w e
gd FLAW FLAW STRESS
THICKNESS| Su DEPTH. | LENGTH, . INTENSITY,
SPECIMEN WIDTH, W oz ADI STRESS, o o K REMARKS
NUMBER t mmiINCH] ZOF | OAMNG a 2c MNY 2 AY a/2c a/t tMAX
mm (INCH) g0 mm {INCH] | mm (INCH il w- MN/ 3/
=241 st (KSIVIND
5498
r— e a——
] 21.69 122.0
sTART cveres | 37, | 2SS | 1220 0.70 0.064 0.860 nag | omPLING LoaD NA
AB-Y- 1.60 127.2 oo 1.60 21.59 122.0 . 17.
70-1 (0.0628) (5.0074) 3 END CYCLES {0.0628) 10.850) (17.7) 0.70 0.074 1.000 “5_8) BT AT 75~
1.60 2169 2104 T T T
FRACTURE w0o0s8 | 0850y | (3052 1.21 0.074 1.000 S
1.35 10.54 122.0 133 DIMPLED AT
STAAT CYCLES | (0.053) {0.415) (17,7} 0.70 0.128 0.824 RERT] [8554 MNlm’z
12.38 KSI
ABY- 1.83 80.0 o 1.63 10.54 122.0 0.70 15,3 :
702 00643 | 350521 | 58 END CYCLES | (006431 | i04i5) | yiz7) 0.158 1.000 037) | eTaT4sa-
1.63 1054 7212
FRACTURE 100643 | 10415 | (3208 127 0.158 1,000 —
1.22 432 123.0 86
START CYCLES (0.048) (0.170) (17.7 0.70 0.282 0.756 17.81 DIMPLED AT 4363~
AB-Y. 1.61 89,9
240 1.61 5.21 122.0 ' 10.2
703 (0.0635) | (3.4975} END CYCLES (0.0635) | (0208 | 1177 0.70 0.310 1.000 (9.3) BT AT 6507~
761 .21 2384 | ya3 | ozt F 1000+ ] " T T
FRACTURE Gamas | &2k, e 137 0.310 1,000 —
0.99 2.24 122.0 108 DIMPLED A
AB-Y. 1.60 12 STATT CVCLES | 100501 10.880) 2.7} 0.70 0.044 0619 (9.8) 1104 MN/mI
- - 1.2 B3° 1.60 2.24 122.0 i i 7.7 116.01 ks1)
704 t0.0630) | (5.0083) END CYCLES | (goasa) | (oag0 | (100 0.70 0.072 1.000 REZS BT AT 607
FRACTURE 1.60 2.24 2048 17 0.072 1.000 T T
0.0630) | 10880} {20.68) , —

D oy = 174.4 MN/m2 (26.3 KSH

BT » BREAKTHROUGH
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Table 38:

CYCLIC TESTS OF 1.60 mm (0.063 INCH} 2219 ALUMINUM WELDS PASS!
IN ROOM TEMPERATURE AIR (SPECIMENS PROOFED BEFORE CYCLIN

NG 0.91 ay PROOF AND CYCLED AT 0.70 oy

G)
ws STRE
¢ e o WTENsslSTv
speciMEn | ICKNESSt othw| Oza PEPTHL | LEneTH, STRESS, g ‘ S ' REMARKS
. wZe LOADING .o MAX :
NUMBER t mm (INCH| Z9F SEQUENCE a 2c MK/ 2 AY aj/2e ajt o
mm (INCH) 85 am (INCHI [ mm INCHY| L > m/2
z8g {KSIVTRT
040 ——— ——
1.22 23.11 146.3 16.0 DIMPLED AT
START PROOF | o0, osior | 2102 084 0.053 ¢.715 146 ?5.5 MN/m2
13.85 Ks1)
PAG-S- 1.70 1§25 1.70 2311 146.3 221
70-1 [0.0671) (6.0036) &0° END PROOF {0.0671) 10.910) [21.22) 084 0.074 1.000 (20.1) _—— e L YT
1.70 23.11 164.3 : —
FRACTURE ©0.0671 | @919y | 12383 0.94 0.074 1.000
1.40 1186 146, 1 175 DIMPLED AT
START PROOF 0058 | wds | (2r1e 0.84 0118 0.880 (15.49) 81.8 MN/m?2
PAB-9- 158 89.0 o 1.59 11.86 1461 18.9 {11.87 Ks1)
702 (0.0625) | (3604e) | 4 END PROOF (.0625) | _(0.467) | (2119} 084 0.134 1000 vrn 8 __ B>
1.59 11.86 2141 —
FRACTURE (©:0825) | [0400) e 1.23 D.134 1.000
1.37 7.62 158.6 0.91 180 0.841 16.3 DIMPLED AT
START PROOF | wo0sa | ano | (230) o j1a8) 99.0 MN/m?2
740 | 762 T58.6 91, ppe 6.5 {14.36 KSI)
PAGD 1.63 880 “o END PROOF wossl | waver | 230) 09 163 0857 | psm T
0642 34087 1.40° 7.62 122.0 _ 123
703 (0.0642) | | ] STARY cvcLes | 123 (0.300) (177} 070 0.183 0.857 11.2)
163 7.87 122.0 1.000 133
ENDCYCLES | gosazy | (031m | {17.1 0.20 0.207 (12.1) _Braten~
1.63 7.87 2302
FRACTURE wosan) | oma | E02, 132 0.207 1.000 —
114 12,62 1407 130 DIMPLED AT
STARTPROOF [ 14 | 1282 | 1T, 0.81 0.091 0706 | 126 75.2 MN/m2
117 12.62 140.7 722 4.2 (10.91 K51}
. 62 vz o | END PROCF 0006 s, toan 0.81 0.003 0.7 nze oo
: ; 1.17 12.62 1220 12.1
706 00837} | 16.0082) START CYCLES | A7 s e 0.70 0.093 0722 e
1.62 12.62 122.0 15.9
END CYCLES o2 | wues | 0.70 0.128 1.000 1145} _ _BTAT 750~
1.62 12,62 7104
FRACTURE ooean | waen | Hoe 1.21 0.128 1.000 —

D oy = 174.4 MN/m2 (26,3 KS1)
b BT AT 146.3 MN/m? {21.22 KSI), MAX LOAD REACHED WAS 158.6 MN/m? 23.0 KS1)

E, BT AT 148.1 MN/m? {21.19 KS1), MAX LOAD REACHED WAS 158.6 MN/m? (23,0 KS1)

* BT = BREAKTHROUGH
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Table 39

CYCLIC TESTS OF 1,66 mm (0.063 INCH) 2218 AL UMIN
Q.91 0y PROOF AND CYCLED AT .70 oy

UM WELDS CAPABLE OF PASSING
IN ROOM TEMPERATURE AIR (SPECIMENS NOTPROOFED)

-—
8o FLAW FLAW STRESS
THICK NESS p i DEPTH, } LENGTH, m:(‘remsnv,
SPECIMEN £ WIDTHW| pz= LOADING a STRESS, o V a/2c a/t Tmax REMARKS -
NUMBER mm (INCH)f ZQ+F SEQUENCE 2c MN/ 2 Ty MN/ 3/
mm {INCH} ah¥ mm (INCHH mm (NCH @ m3/2
$9% (KSIVTN)
0 .
14.5 DIMPLED AT
v 1.30 23.37 122.0 0.70 0.055 0.798 )
START GYCLES {0.051) -(0.920) {17.711 a2 ﬁg.c:;h:ig:
]
1.62 1272 1.62 2337 | 1220 , 0.069 1.000 1% ~
ot (0.8539) (6o074) | 63° END CYCLES toosast | oe2m | (79 070 {16.3] _BTATEI~
1.62 23.37 2091 069 1.000 —_
FRACTURE woeam | 0920 | (3033 120 0.08¢
1.35 11.68 122.0 13.7 ING LOAD NA
START CYCLES | 138 (oiee, e 0.70 0.115 0.835 RERS DIMPLING LOA
ABH 1.61 89.0 1.61 11.68 122.0 15.6 .
702 too63s) | 3s0am | A | EnDCvCLES (©.0635) | (0.460) | (17.1 b.70 0138 1000 | nam | _sTATIM~
1.6 11.68 213.8 123 0.138 1.000 -
FRACTURE {0.0635) | (0.460) 131.01) —_—
1.35 7.70 122.0 7o o1 0636 121 DIM A
START CYCLER | osar | (030m | (7. 07 ” 3 (11.0) 1198 wn/m
AGS- 1.61 89.0 280 161 787 1730 070 ' ) 132 -
7203 (00s34) | {35037 END CVCLES (0.0638) | (10310} | (17.7) .70 0.205 1000 | nah | __erarsoe~_
1.61 787 2717 —
FRACTURE woesd | wne | Gze 1.27 0.205 1.000
1,12 22.48 1220 0.70 0.050 0.692 12,2 DIMPLED AT
. START CYCLES | wosaey | oses) | (iam (1 520 3;”,2?3
AGD- 1.62 152.6 1.62 22.48 122.0 70 0.072 1.000 118 ’
704 (0.0836 | (6.0060| &% | ENDCYCLES o638 | (0ges) | 4179 0 {16.2) __BTAT 2688~
162 22.48 216.1 ) 1.000 _
FRACTURE 10.0636) | (0885l | (ar.a4) 1.24 0.072

[> oy = 1744 Mum2 (25,3 ksi

BT = BAEAKTHRAOUGH
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Table 40:  CYCLIC TESTS OF 2.67 mm (0.105 INCH) 2218 ALUMINUM WELDS PASSING o

IN ROOM TEMPERATURE AIR (SPECIMENS PROQFED BEFORE CYCLED)

y PROOF AND CYCLED AT 0.85 0y

ru | s
SPECIMEN 'rmc:nsss WIDTH, W ggE LOADING a pc  [STRESS. o % a/2c a/t Kimax REMARKS -
NUMBEA mm (INCH) m INCH % E 5 SEQUENCE mm (INCH} | mm (INCH) T:;Tz DY MN/m3/2
% ‘é % (ks IRT
oo | 30 | 28] B | e | o || mmea |
vormoor | 380 T 081 G [ e [oms [ ow [85 } TSN
BN | 3% | dSvem | 3w [stamtoveies| 28 | oPa | len 0.88 0.289 0.763 4 gfgb
END CYCLES 2ot oo | (sea 0.85 0.327 1.000 i160) y__ _ETATESO~
FRACTURE [5-_‘;'848) (giégm f;ﬁg‘u 124 0.327 1.000 -
START PROOF | (300l | (oo3 | (o141 0.97 0.087 0.609 '3315’ DaMPLED AT
PAL-Y- 2.63 127.2 NA 0T tf’) E‘E 2 (1(1) :ﬁ§sg ) 1‘1 fif} il - i ‘}‘gg' TS
85-4 {01038} ¢  16.0085) START CYCLES | go053) | 106520 | (24.0) 0.85 0.097 0608 | s
END cveLEs | 005 | bes | (3a0) 085 . | 0159 o0 | S5 | _eTaTams
racrone | 2 | g | 225 | e | e | ow | -
sTaRT PROOF | Fody | @hou | ioan) 100 | 04s0 0823 | (33 §8.5 it
END PROGF FeN ooy | e 'rj) 1.00 0.465 0911 aai _mses
vl 3% | Suesm) % [stamtoverss| 2580 | Soow :gf_f& 085 0.485 ot tiz'r;)l
. cwocvees | gt 48[ ES | ws e | vow | 1| srara
FRACTURE é?%m (gs):;?sl ‘2333-143] 1.18 0.475 1.000 —a
sTaRT#ROOF | (g52a |- (80 | (22 038y 004 0531 | (17 §72 v
END PROOF woen | Fieo 21 0.98 0.053 %610 2o —_— ngfsi_ —_
85" | &% | woora | [ stant cveres DL A 088 0.053 0810 | (3%,
END CYCLES Ig:?gml [?’.91'33; (lz?fc?: 088 0.086 1.000 tgg:;i - ,_B.E_ﬁi 1_23:____
FRACTURE caoe | G380 | Boew 108 0.086 1.000 —

B> oy - 194ammm2 282550

BT = BREAKTHROUGH
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Tadle 41: CYCLIC TESTS OF 267 mm (0. 105 INCH} 2218 ALUMINUM WELDS CAPABLE OF PASSING oy PROOF
AND CYCLED AT 0.85 oy IN ROOM TEMPERATURE AIR (SPECIMENS NOT PROOFED)
=
o S FLAW FLAW STRESS
THICKNESS b3 DEPTH, | LENGTH, INTENSITY,
SPECIMEN WIOTH W1 ,2z2 OADING STRESS, ¢ g K1 REMARKS -
NUMBER t mm NCHY| 2 OF Iy a 2¢ N2 AY a/2¢ a/t MAX
mm (INCH) 225 mm (INCH) | mm (INCH)| - > MN/m3/g
£5¢ K5Il
= 0omw {KSIV IN]
OJ0
1.60 29.685 165.5 0.85 } 189 DIMPLED AT
START CYCLES | (gngn) | (14751 | (240 0.054 0620 (1721 79. MN/m2
ALY 2.58 182.5 o 5ES “39 85 =g —— 56 K
B5-1 ©.1016) | t6.ooag | V7 ENO CYCLES wime) | (3975 1 oan 085 0.088 1000 4 g9 §. __BTATEIY __
258 79.85 197.7 —
FRACTURE oroet | (1,175 | (28.67) 02 o.086 -000
271 16.13 165.5 ] ¥y 0818 731 DIMPLED AT
START CYCLES | (5087 0635 | (z4.0 0.8 0137 {21.0) %41523 MN/m
Al-Y- 270 127.2 E70 270 16.13 165.5 26.0 51 K5I}
852 01063 { (5.0081) END CYCLES (0.1063) [ 10.633) {24.0) 085 0167 1000 123.7) - BTATTI~
2.7Q 16.13 213.7
FRACTURE (0.1063) | 10.635) {30.99) 110 0.167 1.000 -
1.96 6.99 165.5 ! 074 151 DIMPLED A
_ STARTCYCLES | (o072t | w275 | (24.0) 08s 0.280 3 an fes s wnym
ALY 2.63 : 340 263 .38 1655 78 24.0 KSI
253 0.1038) | (4.9973) END CvCLES ©.1036) | 0330 | (za0) 085 0314 100 | pem | _ eTATSea~_ __
A E 2,63 8.38 212.2 1.09 - 0.314 1.000 —
FRACTUR o103t | 03300 | (30.97)
1.60 16.64 1655 0.8 ] 17.4 DIMPLED AT
START CYCLES | (giog3) | 10.655) | (240} 5 0.098 0.599 (15.8) ?9.23!;1!‘4!le
ALY 267 127.2 90 =57 636 s 253 14.38 K5I
854 (01052 | (5.0082) END CYCLES 10.1052) | t0660) f (24.0) 08 0158 1000 {24.0) | _BTAT372x |
FRACTURE 367 16.76 226.6 1.1
010521 | rogeor | 3288 7 8.159 1000 —
208 516 165.5 , 0.404 o, 121 GIMPLED AT
ALy 262 w58 START CYCLES (0.082) (0,203 {24.0} 0.85 795 (10 ?4.9 MN.’m]?
-Y- X . a 752 5.35 165.5 ‘ vy T 181 (13,77 KS)
855 o.5031 | 13.4960) 64 END CYCLES 0.10311 | 10250} {24.0) 0.85 0.412 000 EER BLAT 888~ _
282 6.35 2233 1.05 0.412 1.000
FRACTURE ©.1031F (0.2500 | (3265 _—

> oy=1904mNim2 28.2K50

BT = BREAKTHROUGH
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Table 42: CYCLIC TESTS OF 267 mm (0,105 INCH) 2219 ALUMINUM WELDS PASSING o

- IN ROOM TEMPERATURE AIR (SPECIMENS PROOFED BEFORE CYCLED)

y PROCFAND CYCLEDAT 0.700y

w =
o FLAW FLAW STRESS
THICKNESS o DEPTH, [ LENGTH, INTENSITY,
SPECIMEN WIDTH, W -4 LOADING STAESS, o a KI REMARKS .
NUMBER t mm INCHI[ 2 2 F SEQUENGE a 2c M, 2 AY a/2c a/t :nm:
mm [INCH} 226 mm (INCH)  mm (INGH) > MN/maly
£5¢ {KSIVINT
040
———— |
1.83 16.00 194.4 23.7
START PROOF 1.00 0.114 0.691 DIMPLED AT
D072t | 0630 | (283 {21.8) gD AT
216 16.00 194.4 777 (16.13 K51)
PALY. 265 1269 END PROOF {0.085) (0.630) (28.7] 1.00 0.125 0.818 {25.7) RS
02 | ez | asoen | ° START CYCLES| 21§ 16.00 1358 0.70 0.135 0.816 184
. - (0.085) 10.630) 119.7) 3 L B (16.7}
» 2.65 16.00 135.8 0.70 0.168 1.000 208
END CYCLES ©0.1042) | joe30 (19.7) nge | _ BTATI~
785 16.00 2145 10 D.166 1.000 —
FRACTURE (0.1042) {0.630) {31.11)
1.83 6.86 194.4 174 DIVPLED A
START PROOF | w7t | twore. | (82 1.00 0267 o.688 (15.8) 126.5 MN/m
1.83 6.09 194.4 , (18.34 K51
oy - - END PROOF (0.076) 10.275) 128.2) 1,00 0.276 0.726 (1(75.21
-¥- - 360 T CveLE 133 6.99 1358 [ =
703 010471 | (4.9996) STAR S| wore | 10275 | (o7 070 0.276 0.726 (10.9)
END CYCLES 2.66 889 TI68 148 BT AT ~
9104 | jossol } p1e7) 0.70 0.233 1.000 gam | _S AT~
FRACTURE .66 8.89 243.5 i
10.1047) | (0.350) 135.31) 125 0298 1.000 - )
.40 25737 1944 751
START PROQF {0.055) 11.150) (28.2) 1.00 0.048 0.546 {183 fw ;';fﬁ,,ﬁ
‘ 157 2821 154.4 276 T
eary. | 2ss v52.8 ENO PROOF 0062t | (11500 | (282 1,00 0.054 0.615 Gos) | UESKsH
704 (@-1008) | i6.0083) 5 | staRT cveLes woen | i | s 0.70 0.054 0.615 g
356 29.21 1354 243 -
END CYCLES orecal | e | B8 0.70 0.088 1.000 Grgy | BTATSN~
256 28,21 194.7 1.00 0.088 . T
FRACTURE {00008 | (11500 | (28.24) 1-000 -

B> oy = 1984 MNimZ (282 kS0

8T = BREAKTHROUGH
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Table 43: CYCLIC TESTS OF 2.67 mm (0.105 INCH) 2219 ALUMINUM WELDS CAPABLE OF PASSING o, PROOF AND
© CYCLEDAT 470 oy IN ROOM TEMPERATURE AIR (SPECIMENS NOT PROCFED)

=
55 FLAW FLAW STRESS
THICKNESS i DEPTH. | LENGTH, ":(TE”S'T"' CMARKS
: AEMARK
SPECIMEN WIDTH W] oz2 LOADING a 2c [TRESSe 1 O af2c a/t tMAX
t (ncH| 2O6F c MK/ 2 Oy
NUMBER mm SCy SEQUENCE m MN/ 3o
mm [INCH) oL X mm {(INCHH{mm (INCH)f D
o< (KSIVINT
asS§ —
== - DID NOT DIMPLE
1.68 29.72 135.8 0.70 p.056 0.659
START CYCLES | hoge | (v | d1om “244-52’
72 135.8 - ;
2 w3000 | @oes| 5 | Ewocvess | §60n | (e | tie 070 0.028 1.000 @zw | STATZO~
101 ) ' 2.55 29.72 206.9 1.06 0.086 1.000 —_
FRACTURE
(0. 1002) {1.170) (30.091) TWFLED AT
1.88 16.00 136.8 0.117 0.699 15.9 DIM A
) STARY CYCLES (0.074) 10.630} 18.7} 0.70 . - 114.5) tﬁ.;_jng I\g;-h
AlY- 2,59 127.2 50 569 16.00 136 8 1 000 208 . I
702 jo1068 | secso | 4 END CYCLES 0.1059) | [0.6301 19.7} 0.70 0.163 (189) § BT AT 375~ _ _
269 16.00 2184 1.12 0.168 1.000 —_—
FRACTURE ©1059) | (0.630) | _{31.68) — —
- 2.06 711 135.8 - . DIMPL
START CYCLES | (5oa1y | (02801 | (19.7) 0.70 0.289 ur (t1.3)
" 2.67 8.13 1358 I o370 0.328 1.000 14.2 .
03 03051 | wwobys | 32° | ENDCYCLes 101051 | 0320 | (g ! (129} _}_ BT AT 1336~
FRACTURE 287 8.13 240.2 1.24 - 0.328 1.000 —
foost | o2z {24.84)

B> oy = 1964 un/m2 (282 ksl}

BT = BREAKTHRQUGH



Table 44: CYCLIC TESTS OF 267 mm (0.105 INCH) 2218 ALUMINUM WELDS PASSING 0.91 ay PROOF AND CYCLED AT 0.70 oy
IN ROGM TEMPERATURE AIR (SPECIMENS PROOFED BEFORE CYCLED)
w S
Q 2 FLAW FLAW STRESS
SPECIMEN | TCRNESSt i w]| O2a DEFTH. | LENGTH, ST g ITENS”Y‘ REMARKS
y Q ey LOADING RESS, o 1
NUMBER t mm {INCHI| 297 SEQUENGE a 2¢c MN/,.2 Av a/ec a/t MAX
mm {INCH) £ao mim (INCH)| mm (NCH > MN/ 312
=8z : (KSIVINY
0Oda0 -‘L—-—-__——-—‘—_——A —
F += 1.88 33.53 177.2 236 DIMPLED AT
START PROOF 10.074) (1.320) (26.7) 0.91 0.056 0.686 {21.5) 111.9 MN/m2
211 3353 177.2 76.9 {16.23 KSI)
END PROOF (0,083} | (1.320) (25.7) 0.91 0.063 0.769 48 ¢ ___
PA1-S- 2.74 228.6 o 211 33.53 135.8 9.9
70-1 ©.1079) | (3.00108 52 START CYCLES 1 (opasy | (13201 | {197) 0.70 0.063 0.769 {18.1)
END CYOLES 2.74 23.53 135.8 26.3 -
(0.1079) | (1:320) | {19.7) 0.7 0.082 1-000 230 | BTAT193~
FRACTURE 274 33.63 217.7 . .082 1.000 —
{0.1079) {1.320) {31.57} 112 0.08
2.36 16.76 128.7 8.6 DIMPLED AT
START PROOF | (0.093) (0.660) 18.67) 0.66 0.141 0.878 (16.9) 91.1 MN/m?2
PA1-9- 2.69 127.2 0 2.69 16.76 128.7 0.6 . 20.2 {13.21 KSI
70:2 1059 | woosn | & END PROOF (0.1059) | (0860} | (18567 6 0.160 1.000 qgay | RETKSD 2~
[ 2.69 16.76 219.2 1.13 0.160 1.000 —
= FRACTURE (0.1059) | (08600 | 131.79) )
2.08 7.29 177.2 16.8 DIMPLED AT
START PROOF | (5.082) (0.287) {257} 0.91 0.286 0.774 (16.3) 115.5 MN/m2
b 2.08 7.28 T77.2 o 0,286 0774 16.8 {16.75 KSI)
END PROOF (0.082) {0.287) {25.7} 09 (15.3} _
PA1-O- 2.69 127.2 2.08 7.29 T35 8 T et
703 {0.1060) | {5.0082) | 46° START CYCLES | (5089 (0:287) (19.7} 0.70 0.286 0.774 (114}
END CYCLES 269 8.26 135.8 0.70 0.326 1.000 14.3
(0.1060) | {0378 | (19.7) (13.00 | _ BT AT 3140~
FRACTURE 2.69 B.26 233.7 , 1.000 —
{0.1060) | (0.325) (33.90} 120 0.326
] 1.78 16.64 177.2 20.8 DIMPLED AT
START PROOF | (9070) | (0656} | (25.7) 091 0107 0670 {18.9) 85.0 MN/m?2
1.88 16.64 177.2 19
END PROOF (0072 _| (o858 | (267) 0.91 0.113 0708 | (19.9) f12.33 kst
PA1-O- 265 {127623) 510 - 205 et 192 - __
704 (0.1045) 5.007 START CYCLES (0h74) (0.655) (19.7) 0.70 0.113 0.708 114.7)
2.65 16.64 1358 211
END CYCLES (0.1045) | (0.655) (19.7) 0.70 0.160 1.000 (18.2) BT AT 667~
FRACTURE 265 16.64 2316 1.19 0.160 1.000 — TTT T T T
R {0.1045) | (0.655) {33.59)

™ oo = 194.4 MN/m2 (28.2 KS))

P
D BY AT 128.7 MN/m? (18.67 KSI), MAX, LOAD REACHED WAS 159,5 MN/m? (23,13 KS1)

BT = BREAKTHROUGH
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Table 44 :  (CONTINUED)
. § § LAW FLAW STRESS
e TH,C:NESS wornw| 5o o DEPTH, | LENGTH, e o . INK'!;TENSITY, i
NUMBER mro (INCHY 2 @ F SEQUENGE a 2c MN 2 /JY a/2c a/t MAX
mm (INCH) T g é mm (tNCH) | rmim {INCH) (KSS‘ 1 MN/ 342
§ 8% _ («SIVINT
e o =h~=q%:m
h START PROOF .3:825} R EA:Z,, 0.88 0.056 0.535 (84l NI (1 15&7&3;)
v | 20 s » END PROOF “}:Eim (331-3;2)) 11(5 5‘1 :5, 0.88 0.064 0.732 %E:;é) __________
' ' START CYCLES |  (0.075) (1,170} {19.9) 0.70 o084 0782 (16.5)
END CYCLES Ft R R 0.70 0.088 1.000 g _ sTATIZ™
FRACTURE 30201 | ive) | 5ae) 108 0-088 1-000 — ‘
STARTPROOF | (5o | 104 | (oam |  0® 0127 | 0820 | Z5% | MNim? (1600 KSit
PA1-Y- 2,69 127.2 630 END PROGF (g:ggm (ééé;g) }ggﬁ} a.85 0142 0848 fg?:g) I
85.2 0.1061) | (5.0066) START CYCLES ‘3;530, "}%;g, }?g;?, 0.70 0.142 0.848 {}gfg)
owoovees | gt T b RS | on | ow | ow | @9 | erarme
FRACTURE 2% 18%5% el 1.16 0.167 1.000 -—_
STARTPROOF | (065t | (1180) | (2.3 o1 0.055 0637 (a2) MN/m? (12.36 Ko
PAT-Y- 259 162.6 ag® R PROOF ozst | (iso ] a3 091 0.084 0.735 t?ggi ______ —
70-1 (©1221) | (6.0064) sTaRTcvcles| 02l | EAa | %8 0.70 0.064 0.735 (16.6)
END CYCLES ool Sl 1388 0.70 0.087 1.000 23 | erarieo~
FRACTURE (g‘-?gm (fﬂ-ggl INA ) — 0.087 1.000 —_— T TT

B> oy - 1844 mum? 282K8n

BT = BREAKTHROUGH
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Tabte 45: CYCLIC TESTS OF 2.67 mm (0.105 INCH) 2219 ALUMINUM WELDS CAPABLE OF PASSING .91

v, PROGF
ANR CYCLED AT .70 Oy IN ROOM TEMPERATURE AIR (SPECIMENS NOT PROOFED) 4
=
§ c FLAW FLAW STRESS
SPECIMEN THICKNESS WIDTH, W 2 ; a PEFTH. LENGTH. ! IT(TENSITY'
: oz : STRESS, o . 1 REMARKS
NUMBEF: t mm OncHll 2O F AP a 2c MNG 2 %o a/2c a/t MAX
CH) SEXx MNfm ' MK/, 3/
mm {IN RS mm UNCH) [ mm (INCHE m¥'2
-3 O« (K51}
25 kSN
a
. 1.78 33.78 135.8 16.4
START CYCLES | (o079 | (1330} | (19.7) 0.70 0.053 0.648 (14.9) | DIMPLING LOAD N.A.
A1D: 275 2287 2.75 33.78 135.8 354
701 {01081 | o00s0) | 28° | END CYCLES 1081 | (13301 | (19.7) 0.70 0.081 1.000 (231 |__ BTAT1S5~
2.75 33.78 213.3 ’ —_—
FRACTURE oaoen | Ogam | 2% 1.10 0.081 1,000
2.16 16.64 1358 184 |DIMPLED AT
START CYCLES | {0.085) {0.655) (19.7) 0.70 0.130 0.804 {(16.7) __ }85.4 MN/mZ (12.38 KSI}
Al-9- 2.63 127.2 o 2.68 16.64 135.8 211 .
702 1057 | sodder | °° END CYCLES | (o10s7) | (0.655) | (19.7) 0.70 0.161 1.000 (1921 | __ BT AT 156~
2.68 16,64 205.5 0.16% 1 — -
FRACTURE (0.1057) | (0655 | -129.80) 1.06 000
1.91 7.24 135.8 12.1 o
START CYCLES | \oo7s) | 0288 | 119.7) 0.70 0.263 0.706 (11.0) | DIMPLED AT 1160
A1-9- 2.70 127.2 g0 2.70 8.38 1358 2.4
70-3 {0.1063} | {5.0074) END CYCLES (0.1063) | (0330 | (137 070 4322 1.000 {13.1) BT AT 2170~
2.70 B.38 2403 (  __ % .. 1 . 1 /- —=-=-= 7
FRACTURE (0.1063) | 10330} | (34.94) 1.24 0.322 1.000 —
1.80 16.64 135.8 155  [DIMPLED AT
START CYCLES | (p,071) (0.655) {10.7) 0.70 0.108 0672 (141} }122.7 MN/m2 (17.80 KSIJ
A1.9- 2.68 127.2 o
64 2.68 16.64 736.8 211
70-4 (0.1057) | {6.0078) END CYCLES {0.1057) { (0658} (19.7) 0.70 0.181 1.000 (19.2) BT AT 671~
E 2.68 17.45 195.4 1.01 0.164 1.000 _ - -
FRACTUR {0.1057) | (0.687) (28.34)

D oy = 194.4 MN/m2 (28.2 KSI)
BT = BREAKTHROUGH
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Table 46:

CYCLIC TESTS OF 7.62 mm (0.300 INCH) 2213 ALUMINUM WELDS PASSING oy PROGFAND CYCLED AT
0.85 o\ IN ROOM TEMPERATURE AIR (SPECIMENS PROOFED BEFORE CYCLED)

— H
-
o S FLAW FLAW E STRSSS!S v
- S DEPTH, | LENGTH, ! INTENSITY,
X . |THICKNESS v Ke REMARKS
SPECIMEN ¢ wiDTH W | gz e LOADING 3 oc  IsTREss.c ¢ a/2c a/t MAX
NUMBEE mre [INCHY 2 © SEQUENCE MN: 2 ki MN/_ 3/
mm (INCH) 255 mm {INCH] fmm (INCHF o im32
So« (KSIVIN
595
F:#:- IMPLED AT
' 5.54 38.35 724 | 144 0.727 35.4 D A
START PROOF | o500 | (1610) (25.0) 0.97 0. 32.9) 8{11.13 :I':'lgNér;\”
6.22 38.74 172.4 61 39.0 :
PAZY 761 2285 R END PROOF {D.245) | (1.525 (25.0) 097 0 0.817 @ss §
Y- : : 43 336
- ‘9980 6.22 38.74 161.7 0.161 _
7.61 40.89 151.7 0.186 1,000 38.2 BT AT 70~
ENDCYCLES | 52908) ! (1.610) (22.0) 079 B48) L
7.61 40.89 199.3 _
FRACTURE 03998 | (1650 hen 1.12 0.186 1.000
PLED AT
5.64 21.08 176.5 0. 0.739 285 DIM
STARTFROOF | 9222y | (0.830) (25.6} 9 0-267 ' (25.9) 9(71':‘ 1“;’“}; g‘j
6.22 21.08 176.5 0818 292 :
END PROOF (0.245) (0.830) (25.6) 0.99 0.295 126.6) —— e+
PA3-Y- 7.63 127.1 379 21.08 161.7 24.7
852 (0.3005) | (5.0002) sTART cycres | 822, 1 2LO8 A 0.70 0.295 0815 (22.5)
7.63 23.62 151.7 0.7 0.323 1.000 215 AT 216~
END CYCLES T 103008 | (0.530) (22.0) 70 (2500 | BT AT 216~
7.63 23.62 193.1 : 1.000 —_
FRACTURE (0.2005) | (0.930) (28.00) 1.08 0.323
TMPLED AT
5.84 14.78 173.5 7 5 0.767 21.7 D 2
START PROOF | 203 (0.582) (25.16) 0.9 039 (19.7} :1105?2335 %ﬁn
5.97 15.49 173.5 0.783 225
62 86.9 END PROOF t0.235) | (0.610) 25.16) 097 0.385 2o |
PA3-Y- 7. : 380 5.97 T5.49 151.7 195
_ . . . 0.783
85-3 (0.3000] | (3.5012] START CYCLES | (92350 | (0.610) (22.0) 0.70 0.385 {17.2)
7.62 20.96 151.7 26.7 BT AT 360~
’ END CYCLES | (53000 | (0828) | (22.0) 0.70 0.364 1000 34y 4+
: 7.62 20.96 174.1 0.364 1.000 —_ J
} FRACTURE (0.3000) ] (0.825) (25.26) 0.97
T~ o= 1786 MN/m2 (95 0 K Sl

s

BT = BREAKTHROUGH
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Table 47: CYCLIC TESTS OF 7.62 mm (0.300 INCH) 2219 ALUMINUM WELDS CAPABLE OF PASSING o, PROOF

AND CYCLED AT 0.85 o, IN ROOM TEMPERATURE AIR (SPECIMENS NOT PROOFED)

W= STRESS
98 FLAW FLaw INTENSITY
THICKNESS L8 DEPTH, | LENGTH, " ’ MARKS
SPECIMEN 1 WIDTH W | 2 & LOADING a 2¢ STRESS, o a/2c Imax REMA
NUMBER mm {INCH)}  Z = SEQUENCE MN/ 2 MN/_3/n
mm {INCH) 2528 mm (INCH; { men {INCHE m
& (KSH
so4q (KSIVINY
o g 5 '—._~_—ﬁ==h==r_= — |
5.66 37.92 151.7 0.149 30.9 DIMPLING LOAD N.A.
A3-Y. 7.64 2285 o 764 37.92 1517 36.9 5
85-1 {0.3006) | (g.9980) | END CYCLES (0.3006) | {1.493) (22.0] 0.201 (336) f _ BTATG3~
7.64 37.92 203.1 —
FRACTURE {0.3006) | (1.433) (29.45) 0201
5.64 21.08 161.7 241 DIMPLED AT
STARTCYCLES | (n222) | (08300 | (22.0) 0.267 (21.9) 1928 MN/m? {13.46 KSH)
379
™ _ 122.3 o 757 2438 1617 0310 .
o 62079 | ooy | O END CYCLES 0.2979) | (0960) | -(22.0) (284] | _ _BTAT2I5~
7.57 24.38 i87.8 0.310 —
FRACTURE ©.2079) | (0.960) (27.23 e
5.87 74.61 151.7 04 .
STARTCYCLES | 231 | (0875 | (220) 02 f;g-;’ 108.9 MN/m? (15.80 K|
A3-Y- 7.76 88.9 230 7.76 21.21 151.7 :
B5-3 (0.3066) {3.4997) END CYCLES {0.2068) (0.835) {22.0) 0.366 {235) _ BT &“_1’ 456~ o
7.76 21.21 178.1 366 —_—
FRACTURE {0.3056) | 10.835) (25.97) 0

D"Y = 178.6 MN/m?2 (25.9 KSI)

BT = BREAKTHROUGH
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Tahle 48:

CYCLIC TESTS OF 7.62 mm (0.300 INCH) 2219 ALUMINUM WELDS PASSING o
IN ROOM TEMPERATURE AIR (SPECIMENS PROOFED BEFORE C YCLED)

y PROOF AND CYCLED AT 0.70 oy

s 1
. DEPTH, | LENGTH, -
THICKNESSf v wl] Lo ! - TRES o Ky REMARKS
SPECIMEN t chl 286F | LoaDing a 2¢c JSTRESS. O o a/2c a/t MAX
NUMBER mm (INCHN 220 1 sequence MN? 2 . MN/ 3/
mm (INCH) 7R mem (INCH] fmm UNCHI i m="2
= 8 é ’ (KSIVIN]
(o]
I 5.59 38.10 175.1 36.3 DIMPLED AT
] STARTPROOF | 2500 1 3%00 | o 0.98 0.147 0733 (33.0) 81.2 MN/m2
6.43 38.35 175.1 AQ.6 *{11.78 KSI}
- . END PROOF (©.263 | (1810 | (25.4) 088 0.168 0.843 69 T
PA3-Y- 7.62 28.5 45 ' .
70-1 to.3001} | (8.9970) START CYCLES (g:ggm ‘??5‘?3, (}éf‘{? 0.70 0.168 0843 f.gg.?)
7.62 39.75 1248 304 BT AT 265~
END CYCLES woeon | ees aass 0.70 0.192 1.000 277 | _ BTAT285~
7.62 39.75 796.5 1,000 —
FRACTURE ey | oI 28E0) 1.10 0.192 ;
5.59 20.96 171.4 27.4 DIMPLED A
START PROOF | {0.220) {0.825) (24.86) 0.96 0.267 0733 (24.9} 13?;%2”'2;';;
6.10 21.34 171.4 0.95 o 285 .
PAZ-Y .63 127.0 530 |0 PROOF 102400 | (0.840) | (24.86) 0-286 0.79¢ 269 | _
Y- 63 . 20.0
70-2 (0.3002 | (5.0004) START CYCLES (3‘520) (g‘é%] (a%8 0.70 0.286 0.799 (18.2}
7.63 25.15 124.8 : 23.0 N
END CYCLES | (13500 | (oseol | (8.1 070 0.303 1.000 (209) § _ BTATO7S~
7.63 75.15 1348 0.75 0.303 1.000 —_
e 102002, . 10990 H2on 2 DIMPLED AT
5.97 15.11 166.2 1.0
START FROOF 1 0.235) {0.595) {24.1) 0.93 0.395 0.783 {19.1) 1?&76:»1%?12
6.48 15.93 166.2 0.407 0.850 221 61 K
END PROOF (255 | 0627 | (241} 0.93 200 |
PA3-Y- 7.62 88.9 50 6.48 15.93 124.8 16.3
703 ©.3000) | 35017y | ¥ START CYCLES | (g/256) (0.697) (18.1) 0.70 0.407 0.850 114.8)
7.62 19.43 124.8 . 1.000 19.9 BT AT 1002~
END CYCLES o200 | ogem | dass 0.70 0.392 vg) |} BT AT1002~
7.62 19.43 187.1 1.06 0.392 1.000 —
FRACTURE (0.30000 | (0768 | (27.13) :

> oy - 178.6 MN/m2 (25.9 Ks)

BT = BREAKTHROUGH
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Tabie 43: CYCLIC TESTS OF 7.62 mm (0.300 INCH) 2219 ALUMINUM WEL DS CAPABLE OF PASSING o, PROOF
AND CYCLED AT 0.70 oy IN ROOM TEMPERATURE AIR (SPECIMENS NOT PROGFED)

3
o FLAW L FLAw INTENSITY
THICKNESS av DEPTH. | LENGTH, K - EMARKS
SPECIMEN + WIDTH, W | ze LOADING a 2¢ STRESS, o (y a/2c a/t Imax R
NUMBER mmiINCHE} Z 2 SEQUENCE MN/ 2 2y MN/ 3/
mm (INCH| JR¥ mrm (NCH) [ mm (INCHY 7 > m?2
=3 ! (KSIVTRT
[« ¥
| T 24.1 |DIMPLED AT
5.46 37.47 124.8 .
START CYCLEs | 546 (1475) (18.1) 0.70 0.146 0.716 21.9)  191.2 MN/m2 (13.22 KsI}
A3-Y. 7.63 228.5 440 7.63 38 61 124.5 30.0 -
70-1 {0.3002) | (8.9980) END CYCLES (0.3002) | (1520} {18.1) 0.70 0.198 1.000 t27.3) | BT AT 383~
FRACTURE G002 | (e | cash 1.09 0.198 1-000 -
5.61 21.08 1248 2.3 DIMPLED AT
START CYCLES | 4321) (0.830) (18.1) 0.70 0.266 0.737 (17.6) _ |106.7 MN/mZ {15.47 KSI
A3-Y- 7.62 127.0 420 7.62 2527 1248 1000 23.0
702 (0.2999) | (5.0010) END CYCLES {0.2999) | (0.995) (18.1) 0.70 0.301 {209y |__ BT ATSa8~
FRACTURE o2 (o 5o0) NA - 0.301 1,000 —
4, X . 14.
START CYCLES | (06n | 0see) | (ot 0.70 0.351 0843 1331 _|DIMPLING LOAD N.A.
A3Z-Y- 7.62 88.9 220 7.62 20,70 124.8 20.7
703 (0.3001) | (3.4984) END CYCLES 03000 | (0815 {18.1) 0.70 0.368 1.000 (1gg | BT AT 2000~
7.62 20.70 182.2 - y .
FRACTURE 03001 | (0815 | (26:43) 1.02 368 1.000 .
5.59 15.11 124.8 156  |DIMPLED AT
START CYCLES | (02209 {0.598) {18.1) 0.70 0.370 0.736 (14.1) _ |99.6 MN/m2 (14.45 K51}
A3-Y- 7.59 ag.g vy 7.59 19.56 124.8 20.0
704 (02088 | (340700 | 4° END CYCLES toz088) | (w0.7700 | 18.1) 0.70 0.388 1.000 (ig2) | BTAT1309~
7.59 19.56 178.2 1.00 0.388 1.000
FRACTURE {0.2988) (0.770) {25.84) -

> oy - 178.6 MN/m2 (25.9 KsD)

BT = BREAKTHROUGH
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Table 50:  CYCLIC TESTS OF 7.62 mm (0.300 INCH) 2218 ALUMINUM WELDS PASSING 0.91 oy PROOF AND CYCLED AT 0.70 oy
IN ROOM TEMPERATURE AIR (SPECIMENS PROOFED BEFORF CYCLED)
g , STRESS
g g FLAW FLAW t .
TV
speciven |1 ORNESS othow | Oze DEPTH. 1 LENGTH, STRESS.0 | ¢ . IT(TIENSE ' REMARKS
SR, O = 1 | -0 g -
NUMBER: t mm (INCH)] Z & ESQSE?:%E a 2c N2 //0\,’ a/2c a/t MAY
mm (INCH) 225 mm NCH) | mm [INGH) m Lb MN/ 377
agg {KS1)
280 {KSIVIND
[a S} o — |
41.02 162.7 38.0 DIMPLED AT
6.35 ) : .
START PROOF | 7950y | (1.615) (23.6) 0.91 0.155 0.840 (34.6)  |74.3 MN/m? (10.78 KS1)
PA3-9- 7.56 278.6 o 756 41.02 162.7 41.2
701 (0.2975) | (9.0010) 43 END PROOF {0.2975] | {1.615} (23.6) 091 0.184 1.000 (37.6) | BT AT PROOF LOAD
.56 31.02 194.3 o -
FRACTURE (0.2975) | (1.615) (28.18) 1.08 0184 00
6.35 23.95 162.7 _ o 29.1 DIMPLED AT
START PROOF | (o550) | (0943) | (23.6) 091 0265 826 (26'5) _§95.6 MN/mZ ({12.86 KS1)
6.83 24.64 162.7 301
END PROOF (0.269) | 10970 | (23%) o, 0.277 0.889 a4 4
PA3G- 7.69 127.1 540 583 34.64 124.8 070 225
70-2 (0.2027) | (5.0040) START CYCLES | (9280) | (08700 | 118.1) 0.277 0.889 (20.5)
7.69 2691 1248 23.4 N
END CYCLES | (o302m | (1620 | (18.1) 0.70 0.297 1-000 @3 | BTATZ1~
7.69 25.91 1912 —
FRACTURE 0.3027) | (1.020 (27.73) 1.07 0.297 1.000
6.20 14.94 162.7 203 [DIMPLED A
START PROOF | (0 244) (0.588) (23.6) 0.91 0.415 0.809 (188|101 1 MN/m2 (146751
6.68 16.62 162.7 o1 pp 312
PA3S 66 89.0 END PROOF 0263 | (0615 | (238 09 0.428 I
A3-9- . . 40Y 6.68 15.62 124.8 . 0.872 16.0
70-3 (0.3016) | {3.5040} START CYCLES | (561, (0.615) (18.1} 0-70 0.428 ’ {14.8}
7.66 18.03 124.8 186
END CYCLES (0.3016) | 10.7100 | (18.1) 0.70 0.425 1.000 (169 § BT AT 60~
7.66 18.03 188.3 —
FRACTURE {0.3016} | (0.710 (27 .31) 1.05 0.425 1.000
5.84 41.28 168.2 26.7 DIMPLED AT
START PROGF | (0230 (1.625) (24.39) 0.94 0.142 0766 (334) _ }91.4 MN/m? (13.26 KSIH
. 6.12 41,28 16B.2 . 3872
oAz 263 228.7 150 END PROOF (0.2410 | (1.625) ! (24.39) 0.94 0.148 0.803 sam 1L
Q. LB . g
704 (0.3002) | 19.0040 sTaRTcveles | 892 1 kR 1 daws 0.70 0.148 0.803 A
5 41.28 | 1248 0.70 1 1.00 e BT AT 245~
END CYCLES | (03002) | {1.625) (18.1) - 0.185 -000 (28.2) ) BT AT 246~
7.63 47,58 98 2 _
FRACTURE @.3002) | (1.625) (28.75) 1 0.185 1.060

BT = BREAKTHROUGH

[B> oy - 178:6 MN/m2 (25.8 KSU)
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Tabe 51: CYCLIC TESTS OF 7.62 mm (0.300 INCH) 2213 ALUMINUM WELDS CAPABLE OF PASSING 0.81 Oy PROOF
ANO CYCLED AT 0.70 oy IN ROOM TEMPERATURE AIR (SPECIMENS NOT PROOFED)
-3
wE FLAW FLAW I:;;‘:ssﬁw
HICKNESS 3 T DEPTH, | LENGTH, W ’ REMARKS
.
SPECIMEN t WIDTH W} oz 2 LGADING a 2¢c |STRESS. 0 ¢/ a/2c a/t “MAX
NUMBER mm ONCH) 220 1 SEQuENCE MIN/ 2 Y MN/ 3/
mm (INCH) 258 mm (INCH) | mm (INCH)f | T > m~ 2
- $0 < (KSIVINT
= O
Sy I — M%
—_
5.99 41.02 124.8 26.2 DIMPLING LOAD N.A.
START CYCLES (0.236) {1.615} {18.1) 0.70 0.146 0.764 {23.8)
314
A3-9- 7.85 228.6 340 END CYCLES 7.85 42.42 124.8 0.70 0.185 1.000 o88) aT AT 193~
{0.3000) | (1.670) (18.1) — oAl e
701 {0.3000) | (9.0010)
FRACTURE 7.85 42.42 NA _ 0.185 1.000 —
t0.3090) | {1.670} -
6.22 24.13 124.8 1.8 LOAD N.A.
START CYCLES | 5740 10.950) (18.1) 0.70 0.258 0.811 ‘ ;g_g, DIMPLING
.o 7.67 127.0 7.67 25.65 124.8 0.299 1.000 ‘ BT AT 324~
Soo 10.30200 | (5.0012) 450 END CYCLES {03020} | {1.010) (18.1} 0.70 1y | _ BTAT34~
7.67 25 66 191.7 0.209 1,000 —
FRACTURE 30200 | 1.0100 | (27.81) 1o
6.10 15.04 124.8 0.799 15.4 DIMPLED A;“
START CYCLES {0.240) (0.592) {18.1) 0.70 0.405 . (;gg) 114.7 MN/m2(16.64 KSIN
A3-9- 7.63 89.0 270 7.63 19.56 124.8 0.70 0.390 1.000 : BT AT 883~
70-3 (0.3002) | (3.5027) END CYCLES 0.3002) | (0.770) (18.1) {ig.2) | BT AT 883 e ———
7.63 1956 172.7 0.97 0.390 1.000 —
FRACTURE (0.3002) | {0.770) (25.05)

> oy = 178.6 MN/m2 (25.9 KsI)

BT = BREAKTHROUWGH
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Table 52: CYCLIC TESTS OF 0.51 mm (0.020 INCH) 6Al-4V STA TITANIUM WELDS PASSING oy PROOF AND CYCLED AT 0.85 gy
R=0INROOM TEMPERATURE AIR (SPECIMENS PROOFED BEFORE CYCLED)
3
SPECIMEN THICKNESS WIDTH, W @;ﬂ- pEPTH. LENGTH: STRESS i) KI ' REMARKS
. %) - , o AX
NUMBER t mm UNCH] 2O+ ;SS‘S&EE a 2c N2 /’Y ajéc a/t M /
mm (INCH} 28 mm (INCH) f mm (INCHE | > MN/m3/2
=2z (KSIVTN
0 a0 _—
— — 0.28 3.12 952 0529 40.3 DIMPLED AT
PT.022Y | 053 30,51 220 START PROOF |  10l011) | {0123 | (138.0} 0.93 0.089 (36.7) 138’5 Mnim? (113.6 KS)
851 . (0.0208)= | (1.2011) — — 952 — — -
ND PROOE o2 083 FAILED IN PROOF
0.25 7.68 1020 36.2
START PROOF | (0.010) (0.066) {147.9) 1.00 0.152 0.457 (32.9)
0.25 168 1620 ) -
056 4046 . END PROOF 0.010) | (0086 | (147.9) 1.00 0182 0-457 8290 { o ___
PT 02-Y- . . B5 0.25 1.68 867 30.0 o1 -
pLp; 00219 | (L.1991) START cvcLes | 25 px-N S8 0.86 0.152 0.457 7% DIMPLED AT 285
0.56 1.80 867 434 '
END CYCLES | (n0219) | (0.071) | (1257 085 0-309 1.000 (395) | __BTAT319~ °
Frror | 8% |0 B | e | owe | w0 | -
0.30 1.02 1020 325 DIMPLED AT 851
START PROOF (0.012) (0.040} (147.9} 1.00 0.300 0571 {29.6) MN/m2 (123,41 KSI)
0.30 1.02 1620 2.5
’ END PROOF (0.012) (0.040} (147.9} 1.00 - 0.300 0.571 288  |__ _ o]
PT 02-Y- | 0£3 30.47 o 0.30 1.02 867 771
86-3 o210 | (1.1987) 2 START CYCLES | 00121 (0.040) 125.7) 0.85 0.300 05N (24.7)
0.53 1.1 67 45.5
END CYCLES (0.0210} | (0.078) (125.7) 0.85 0.280 1.000 414 | _ BTAT414~
0.53 1.91 1047 . _—
FRACTURE (00219 | (0.078) (151.8) 1.03 0.280 1.000
0.30 3.12 954 445 DIMPLED AT 881
pT 02-v- | 050 30.40 g0 | OTARTPROOF | 10011 | (oa2sr | 1384 0.94 0.098 0.606 (406§ mN/m2(122.8 KS)
85-4 (0.0198) [ {1.1970) D PROOE — — o5t 004 _ — _ FAILED IN PROOF
0.25 3.30 1007 40.0 DIMPLED AT 674
armes o START PROOF | 028 330, | o7 0.99 0.077 0.472 (og) _|OIMPLED AT 674
855 {0.0212) : END PROOF — — 1907 0.99 — — — FAILED IN PROOF
0.25 3.4 1011 ' 0.469 40.0 DIMPLED AT 698
PT 02-Y- | 054 30.59 480 START PROOF | 10.010) (0.125) 1146.7) 099 0.080 o 136.4) MN/m2 {101.2 KSI)
171
BS-6 {0.0213) {1.2045) END PROOF — — (1 7} 0.99 — — -—g FAILED iN PROQF
0.15 2.8b 1020 30. DIMPLED AT
START PROOF | (0.008) (0.116} | _{147.9) 1.00 0.052 0.282 ] 761 MN/m2 (110.4 KS1)
0.15 2.95 620 ; 52 4.0
END PROOF {0.006) (0.116) {147.9) 1.00 0.05 i {39.3) —— o mm —m ——
eT 02y ¢ 054 30 an =2 0.i5 35 Gor a2 248
857 {0.0213) | 11.1967) START GYCLES | pooe) | (0aie) | 128.7) 0.85 0.052 0.2 {21.8)
0.54 2.95 867 58.7 BT AT 512~
END CYCLES (0.0213) (0116} {125.7} 0.85 0.184 1.000 (53.4} o
FRACTURE :8’3313) ((2{91)?6} (]2%_22} 1.00 0.184 1.000 —_—

[> oy = 1020 MN/m2 (147.9 KS11

BT = BREAKTHROUGH
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0> o, = 1020 MN/mZ (1479 ks

BT = BREAKTHROUGH

Table 53: CYCLIC TESTS OF 0.51 mm (0.020 INCH} 6AI-4V STA TITANIUM WELDS CAPABLE OF PASSING
o, PROOF AND CYCLED AT 0.85 0, R =0IN ROOM TEMPERATURE AIR (SPECIMENS NOT PROOFED)
W e
¢ 2 FLAW FLAW STRESS
sPECIMEN JTHICKNESS WIDTH W g‘;& DEPTH, | LENGTH, iP;I(TENSlTY,
NUMBEFR t mm INCH)| 3 C F “UADING a 2c [PTRESS.0 O 0 a/oc a/t Imax REMARKS
' (INCH) =Ey SECUENCE MN/ 2 Y )
m By mm (INCH)| mm (INCHY > MN/.3/o
- §§I (KSIVTNI
- S == 0.25 2.05 S e e ———_ ——— |
S T CY . .05 867 . 3.9 "
TOo2 ¥ 0.53 30.56 TART CYCLES (0.010} {0.120) {125.7) 0.85 0.083 0478 30.3) DIMPLED AT 107
2- Y- . . 0o 053 3.05 867 59.3
851 10.0209) | (120304 | END CYCLES | (00500, | (b.130) | (199.7) 0.85 0.174 1.000 (401 | _ BT AT 170~
0.53 3.05 — |
FRACTURE (0.0209) | {0.120) NA 0.174 1,000
0.20 1.57 867 o —
2. 54 30,51 STARTCYCLES| toooe) | 0062 | (1269) 0.85 0.129 0.379 (40) | DMPLED AT 19
T 02.Y- 0. : o 054 1.73 867
852 ozin) | (120120 | %% | END CYCLES (0.0211) | (0088 | (125.7) 0.85 0.310 1.000 (385 BT AT 375~
0.54 1.73 1019 —_——— e —————
FRACTURE {0.0211) | [0.068) {147.8) 1.00 0.310 1.000 -
START CYCLE 0.28 1.02 867 26.5 DIMPLED AT :
T 02y 0.54 30,54 °| oo {0.040) (125.7) 0.85 0.275 0.519 (24.1) 1867 MN/m2 (125.7 KSI}
e ; ; 110 0.54 1.27 867 387
85-3 o.02124 | (1.2023) END CYCLES 0.0212) | (0.050) (126.7) 0.85 0.424 1.000 (31.6) BT AT 318~
0.54 1.27 1082 1.06 0.424 1000 } . | T T T T~
FRACTURE (0.0212) | (0.080) {156.9} —
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Tablz 54:

CYCLIC TESTS OF 0.51 mm (0.020 INCH} 6A14V STA TITANIUM WELDS PASSING oy PROOF AND CYCLED AT 0.70

R=0INRGOM TEMPERATURE AIR (SPECIMENS PROGFED BEFORE CYCLED)

O’y,

*

= ¥
o & FLAW FLAW STRESS
THICKNESS Sw DEPTH, | LENGTH, IIT(TENSITY,
SPECIMEN ] wiDTH W H=za b ! STRESS. o 4 Tmax REMARKS
NUMBEF: t mmaNCH) 2CF iyt a i 2 MN/_ 2 AY a/2c a/t MA
. =E=a. SEGUENCE WIN MN/ .3/
mm (INCH} 258 min (INCH) | mm (INCHY > m3'2
=8 e (KSEVTNT
===; - - ;—CC"“
_ 030
- 0.18 2.29 1005 43.2 DIMPLED AT
. START PROOF 10.607) {0.090) {145.7) 0.99 0.078 0.329 {30.3) | 841 MN/m2 (122.0 KSI]
0.30 2.29 1005 432
T 0.y 0.54 30.44 END PROOF {0.012) {0.090} {145.7) 0.99 0.133 0.563 N
- L - 35° 030 2.29 714 29.2
701 10.0213) | (1.1984) STARTCYCLES | 0o12) | 0o9o) | (1035) 9.70 9.133 0.563 (26.6)
0.54 2.29 714 44
ENDCYCLES | {00213; | (o090} | (1035) 0.7 0287 o 132.7) JEAEY L
0.54 2,29 980 0.8 0.237 1. —_—
FRACTURE 00213 | ©090) | (1422 6 000
0.18 1.63 1020 30.3 DIMPLED AT
START PROOF {000;) {0.064) {147.9) 1.00 0.109 0.335 {27.6) B4T MN/m2 (122.9 KSI)
0.1 1.63 1020 303
053 2046 END PROOF 0007 | (00641 | (147.9) 1.00 0.109 0.335 zé | _ o __
PT 02-Y- .55 . 0 0.180 1.63 714 20.1
a7 ) . . ) )
702 (0.0209) | (1.1993} STARTCYCLES | (6007) (0.064} (103.5) 0.70 0.109 0338 | (183
‘END CY 0.53 1.80 714 0.70 0.294 1.000 354 ~
D CYCLES (0.0209] ¢%.071) {103.5) (322) | BTAT1080~
F 0.53 80 986 097 0.294 1.000 —_
RACTURE {0.0209) | (0.071) {143.0)
0.23 1.07 1020 30.6 DIMPLED AT
START PROCF 10.000) 10,042} (147.9) 1.00 0.214 0.425 (27.8) {939 MN/m2 (136.2 KSI}
023 1.07 1020 306
END PROOF 10.009) | (0.042) |  (147.9) 1.00 0.214 0.425 78 § _ ___ _ _ _ -—
PT 02-Y- 0.54 30.48 36° 0.23 1.07 714 204
703 (0.0212) | (1.2000 START CYCLES |  (0'009) (0.042) {103.5) 0.70 0.214 0.425 (18:6)
0.64 1.70 714 0.70 34.2 ~
END CYCLES (0.0212) | (0.067) | {103.5) | 0.316 1.000 a1y | BTATI9B~
FRACTURE 0.54 1.70 1015 0.31 1.060 —
©0.0212) | {0087) | (147.2) 1.00 6

> o, - 1020 MNBm2 t147.9 kSN

BT = BREAKTHROUGH
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Tabie A5:

CYCLIC TESTS OF 0.571 mm (0.020 INCH] 6A1-4V STA TITANIUM WELDS CAPABLE OF PASSING By
PROOF AND CYCLED AT 0.70 Oy, R=0IN ROOM TEMPERATURE AIR (SPECIMENS NOT PROGFED)
=
i | |
SPECIMEN | | VeSS bt w ] o LzL = e E e STRESS o ? s, ' REMARKS
. wES }ADING . a TMa;
NUMBER t mm GNCHY 2 CF QESSE':}CE a 2¢c NG o /}\ a/2c a/t max
mm (INCH 5 mm (INCH} | mm (INCH) ™ > MN/ 1 3/2
gy (kS
; =9< (KSIVTNT
s . I —_—
P————ee —
0.13 2.34 714 17.0 AT 675~
START CYCLES (0.005) {0.092) {103.5) 0.70 0.054 0.234 {15.5) DIMPLED
T 02.Y- 0.54 30.45 o 0.54 339 713 425
70-1 002141 | trgegy | ¥ END CYCLES 10.0214) | (0.094] | (103.5) 0.70 0.228 1.000 (87 | __BTAT714~ |
0.54 2.39 980 —
FRACTURE (0.0214) | ©.004) | {1a2.2) 0.6 0.228 1000
0.13 1.60 714 16.8 -~
START CYCLES | (0005) | (0063 | (10as) 0.70 0.079 0.240 Je8 DIMPLED AT 935
T 02-Y- 0.53 30.48 o 0.53 1.73 714 34.4 .
702 (0.0208) | (1.2000 ] END CYCLES (0.0208) | (00881 | (103.5) 0.70 0.306 1.000 (13} | __BTATH2I~
FRACTURE 0.53 1.73 1631 1.01 0.306 —_
RAC (0.0208) | (0.088) | (149.6) 1.000
0.23 091 714 195 -
START CYCLES | 100091 | (0.036) | (10351 0.70 0.250 0427 (77 | DIMPLED AT 665
TO2-Y- 0.54 30.48 0 0.54 1.52 714 32.2
703 0.0211 | (200 | 4° END CYCLES (0.0211) | {0.060) | {103.5) 0.70 9-352 1-000 (03) |  _SBTAT178~
FRACTURE 0.54 162 1049 1.03 0.352 1.000
(0.0211) | {0.060) {152.2) —

[>> oy = 1020 Mn/m2 (147.9 K51

BT = BREAKTHROUGH
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Table 56:

CYCLIC TESTS OF 0.51 mm (0.020 INCH) BAI4V STA TITANIUM WELDS PASSING 0.91 oy PROOF AND CYCLED AT
0.70 0y, R=0IN ROOM TEMPERATURE AIR (SPECIMENS PROOFED BEFORE CYCLED)

=
g0 FLAW FLAW STRESS
THICKNESS S DEPTH, | LENGTH, INTENSITY,
PECIMEN : WIDTH, W za , STRESS, o G Ky REMARKS
8 t QZE LOADING a 2¢ . / aj2c a/t Imax
NUMBER mm {INCHI| 2 © SEQUENGE MNJ 2 Sy
mm (INCH) Tad mm (INCH) | mm {INCH) " > MN/m3/2
558 (KSI) s
= 9 & {KSIVIN
. 0.28 4.57 891 - 398 DIMPLED AT
g START PROOF {0.011) {0.180) (129.2) 0.87 0.061 0.558 (36.2) 742 MN/m2 (107.6 KSI)
PTO20 | 050 30.47 0 0.50 891 1 —_ @
70-1 ©0.0197 | (1.108a) | 3° END PROOF 00197 | INA 1 (1292 0.87 NA NS TRRRNE | -
FRAGTURE 0.50 CNA 1 518 0.90 NA 1.000 —
(0.0197) (133.1}
0.28 2.26 928 36.6 DIMPLED AT
START PROOF (0.011) (0.089) (124.6} 0.91 0.124 0.514 lgg.::] 885 MN/m? (128.4 KSI)
0.30 2,26 928 0.91 0.135 0.561 '
END PROOF (g.géza (g.oags {134.5} (3;56;1 — e e~
PT02:9- | 054 30.46 o ) 26 714 )
70-2 ©.0214) | (11091 | ° STARTCYCLES | 50120 | wose | (1035 0.70 0.135 0.561 126.5)
0.54 2.26 714 1.000 41.2 ~
ENDCYCLES | (90214) | (alose) | (1035 o.70 0-240 ere) ) _BTATER
.54 2.26 945 oo 0240 1000 —
FRACTURE (0.0214) | (0.089} (137.0} 93 —
0.43 1.78 918 : - DIMPLED AT
START PROOF ©.017) (0.070) 1133.1) 0.90 0.243 0.842 (41,5 }704 MN/m2 {102.1 KSI}
0.46 1.78 918 46.2
2052 END PROOF (0.018) (0.070} (133.1) 0.90 0.257 0.891 wo | o
PT 02-9- 0.51 E 72° - ©.46 1.78 714 35.1
20-3 {0.0202) (1.2018) START CYCLES (0,018} {0.070) {163.5) 0.70 0.257 0.891 {31.9)
0.51 1.80 714 35.7
END CYCLES 10,0202 | 10.071) (103.5) 0.70 0285 1.000 (325 ) __ BTAT&~
0.51 1.80 579 0.96 0.285 1.000 —
FRACTURE (0.0202) | (0.071) 1 {142.0) —
0.25 4.95 Bo8 . DIMPLED AT
START PROOF (0.010} (0.195) {130.2) 0.88 0.051 0.500 (3341 | 774 MN/m?2 (112.2 KSI)
0.33 4.95 898 47.4
END PROOF (0.013) (0.195) (130.2) 0.88 0.067 0.650 143.1)
e 8‘ 3500] (?02.?;30] 450 0.33 4.95 714 0.70 Q.067 0.650 %4 1
704 {0. : START CYCLES | 5013) {0.196) {103.5) : : : (33.1)
0.51 5.21 714 0.70 0.098 55.5 BT AT 181~
END CYCLES {00200} | (0208) § (103.5) 1000 Bos) 4
0.51 5.21 932 0.91 0.098 1.000 —
FRACTURE (0.02000 { (0.208) | (135.1) |

[>- oy 1020 MN/m2 (147.9 KS1)

D BT AT 891 MN/mZ (129.2 KSI) MAX LOAD REACHED WAS 928 MN/m? {134.6 KSI)

BT = BREAKTHROUGH
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Tabie 57:

CYCLIC TESTS OF 0.51 mm (0.020 INCH) 6AI-4V STA TITANIUM WELDS CAPABLE OF PASSING 0.91 o, ’

j 4
PROOF AND CYCLED AT 0.70 oy, R=0INROOM TEMPERATURE AIR (SPECIMENS NOT PROOFELD)
"
e FLAW FLAW STRESS
THICKNESS Su DEPTH, | LENGTH, INTENSITY,
SPECIMEN W|DTH,W I} 2 & - STRESS K .
NUMBEP t mm (INCH)] 2 O F ’ggé‘géxge a 2c e %Y a/2c a/t Imax REMARKS
mm (INCH} 2 g é mm (INCH) | mm (INCH)| ™ b MN/ 3/
z9¢ (KSI VTR
0.30 4,95 714 33.3 DIMPLED AT
START CYCLES | 31a) 0. 195) (103.5) 0.70 0.062 0.594 (30.3) | 714 MN/m2 (103.5 KSH
T 029 0.51 30.45 o 757 3.95 714 552
701 (0.0202) | (1.1900y § 44 END CYCLES (0,0202) | (0:195) | (103.5) 0.70 0.104 1.000 §02) | __ BTATE8~
051 4.95 855 —
FRACTURE 0.0202) | (0.195) | (124.0) 0.84 0.104 1.00
0.25 2.96 714 764
START CYCLES {0.010) (0.08%) {103.5) 0.70 0112 0.463 {23.1)
T 02-9- 0.55 30.53 GAGE 0.55 2.39 714 425
702 (0.0216) | (1.2018) | FAILED | END CYCLES {0.0216) | (0.094) (103.5) 0.70 0.230 1.000 {38.7y | _ BTAT478~
FRACTURE ©oo16) | iooma | raam 0.99 0.230 1.000 -
0.38 1.78 714 309 |DIMPLED AT
START CYCLES | (0,015 | (0.0700 | (103.5) 0.70 0214 0682 (28.1) 1714 MN/m2 {103.5 KSi)
T 029 0.56 30.50 NA END CYCLES 0.56 783 714 0.70 0.306 1.000 35.4
70-3 10.02200 | {1.2007) {0.0220) | (0.072) (103.5} : - : 32.2) §___BTATI174~
0.56 183 982 0.96 0. 1. —
FRACTURE 00220 | {0072 | (1a2.a 306 000

D oy = 1020 MN/m2 (147.8 KSi)

BT = BREAKTHROUGH
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Table 58:

CYCLIC TESTS OF 1.78 mm (0.070 INCH) 6A1-4V STA TITANIUM WELDS PASSIN
R =01IN ROOM TEMPERATURE AIR (SPECIMENS PROOFED BEFORE CYCLED)

G oy PROGFAND CYCLED AT 0.85 0y,

D o, = 1035 MN/m2 {150.1 K5I}

BT = BREAKTHROUGH

=
§ § E FLAW FLAW ST:‘E;"S v
INTENSITY,
THICKNESS ) ooe } DEPTH. | LENGTH, ST
SPECIMEN t WIDTH W | Z2 i LoaDing a 2c STRESS, o 0// 5 /t Imax REMARKS
NUMBEPR mm [(INCHI} Z 2 | SEQUENCE MN/ 2 Iy ajic a '
mm {INCH) £a mm (INCH} mm UNCH)| | > MN/ 372
s9% IKSIVINT
[ )
[ 0.66 4.95 1000 55.7 | DIMPLED AT
START PROOF | (g\026) (0.195) {1451} 0.97 0.133 0.369 (50.7) __ 889 MN/m2 (128.9 KSI)
: 0.89 4.95 1000 64.5
orrv. | 170 4431 o0 END PROOF (0.035) | {0.195) | (145.1) 0.87 9.179 049 17/
. 0.0705) | {1.7446) 0.89 4.95 880 55.6
581 { . STARTCYCLES | (oo3s) | (0.1951 | (1278) 0.85 0.179 0.496 (50.6)
1.79 521 880 000 74.6 -
END CYCLES 0.0705) | (02050 | {(127.6) 085 0.344 1 679 | __ BTATSS~ |
1.79 5.21 925 0.89 0.344 1.000 —
FRACTURE 10.0705) | (0.205) {134.1) :
0.74 2,97 1010 51.2 | DIMPLED AT
START PROOF {0.029) {0.117) {146.5} 0.98 0.248 0.421 {46.6) 879 MN/m2 (127.5 KSH
0.76 2.97 1010 518 .
END PROOF {0.030) (0.117) (146.5) 0.98 0.256 0435 {47.1)
PTIY- 1.75 31.68 ° 0.7 2.97 880 242 | - TT T
5.2 (0.0689) | (1.2472) o4 START CYCLES (o.ogo) 0.117) (127.6) 0.85 0.256 0.435 (40.2)
1.75 3.68 880 100 55.8 ~
END CYCLES (0.0689) | (01450 | (127.6) 085 0478 poo sog) | _ _BTATIEN __
1.75 3.68 889 0.86 0.475 1.000 —_
FRACTURE (0.0689) | (0.145) | {128.9)
0.94 2.21 1017 45.4 DIMPLED AT
START PROOF (0,037} (0.087) {147.5) 0.98 0.425 0.564 (41.3) | 878 MN/m2 (127.3 KSI)
ENDPF 1.04 2.21 1017 : . 45.1
~ND PROOF (0s1) | (.087) | (147.5) 098 0471 0625 (41) e
PT 7.Y- 1.67 31.65 43° 1.04 271 880 0.85 0.471 0.625 385
85-3 (0.0656) | (1.2461} START CYCLES | (041} (0.087) (127.6) : : - (25.0)
1.67 3.56 880 5 55.4 BT AT 110~
END CYCLES 0.0656) | (0.140) | (127.6) 0.85 0.469 1.000 (50.4) o
.67 3.56 987 0.95 0.469 1.000
FRACTURE ©0.0656) | (01400 | (1432}
1.19 3.25 965 7 55.3 DIMPLED AT
PT 7-Y 1.77 31,20 459 STARTPROOF | (goa7) | (0.128) |  (140.0) 0.83 0367 0.673 (50.3) | 700 MN/m2 {101.6 KSI)
R5-4 10.0698) | (1.2282) END PROGE . _ — - — — —_ FAILED IN PROOF
1.27 254 995 46.8 DIMPLED AT
START PROOF | (0.050) (0.100} (144.3) 0.96 0.500 0.696 {42.6) _]736 MN/m2 (106.8 KSI)
1.27 254 g95 46.8
o rass i END PROOF (0.080) (0.900) (14 8} 0.96 0.500 0.696 {23 3.1 .
PT 7-Y- 1. ' 45 y oy 1.27 2.54 880 :
253 (0.07181 ; 1.7478) START CYCLES | (1'060) (0,100} (127.6} C.85 0500 0.69¢ (37.3
1.82 3.30 880 0.85 0.453 1.000 51.0 BT AT 78~
END CYCLES 10.0718) {D.130) 1127.6} 0 464} 1 -
FRACTURE 1.82 3.30 961 0.93 0.453 1.000 —
_¢ 0.0718) ML L33.4) —————————— e
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Table 59:  CYCLIC TESTS OF 1.78 mm (0.070 INCH) 6AI-4V STA TITANIUM WEL

DS CAPABLE OF PASSING o, PROOF

D o, = 1035 MN/m2 (150.1 KSH}

BT = BREAKTHROUGH

ANO CYCLED AT 0.85 6, R =0IN ROOM TEMPERA TURE AIR (SPECIMENS NOT PROOFED)
s
5 8 FLAW FLaw | STRESS
THICK NESS 5w DEPTH. | LENGTH, INTENSITY,
SPECIMEN WIDTH W | J=zo g STRESS, ¢ g Kepias REMARKS
NUMBER t min INCHI 2 © F S ouene a 2¢ N R a/2c a/t MAX
mm {INCH) Sk - N7 - MN/ 3/
2% mm NCH){ mm (INCHE > m3'2
o< {
9% {KSIVT]
h= =t :; Sl — L_f e
0.61 5.08 880 46.6 DIMPLED AT
START CYCLES | (5 024) (0.200} 127.6) 0.85 0.120 0.352 {42.4) 843 MN/mZ (122.2 KS1)
T7.v. _ o 1.73 6.10 880 X 82.3
W] OB | | [ovoovess | [ Gk | o | 0w [ome | ew | @3] e
. FRACTURE 1,73 6.10 880 0.85 0.284 1.000 —
{0.0682) | {0.240} {127.6)
Q.76 295 380 44,0
o oy e L START CvCLEs | 078 ‘30 1l [*1323;766l 0.85 0.259 0.427 o0 DIMPLED AT 100~
-Y- . : 1.79 . 519
852 (0.0703) | (1.2483)} 54° | ENDCYOLES | onns | 013s | (1276 085 0.480 1-000 4rz) | _ BTAT289~
FRACTURE 1.79 3.423 895 8 ] 1.000 _—
(0.0703) [ (0.135) | (129.8) 086 9.480 0
0.1 2.36 880 ‘ 402 |DIMPLED AT
START CYCLES } 10,0360 | 10.003) | {(127.6) 0.85 0.387 0514 (36.6) ___|880 MN/m2 (127.6 KSI)
T7.V 1.78 31.73 o 1.78 381 B30 575 N
85-3 10.0700+ | (1.2492) 43 END CYCLES (0.0700) | (0.1500 | (127.6) 085 0.467 1-000 23) | _BTAT288~
1.78 3.81 947 91 0.467 1.000 —_—
FRACTURE (0.0700) | {01500 | (137.3) °
119 | 287 880 453 DIMPLED AT
STARTCYCLES | opan | wi1m | (1278 0.85 0.416 0.660 (41:2) 762 MN/m2 (110.5 KSI)
T7Y- 1.81 31.30 o 1.81 5.33 880 0.85 0.33 15.7
85-4 ©on2 | (232 | B END CYCLES 0.0712) | _(0210) | (127.6) ° -000 €87 §__ BraTio~
FRACTURE 1.81 5.33 967 0.93 0.33g 1.000 -—
(0.0712) | {0.219) {140.3)
1.22 2.90 880 45.7 DIMPLED AT
] STARTCYCLES | 048 | (0114) (127.6} 085 0421 0.686 (41.6) __ }821 MN/m2 (119.0 KSI)
T7-v- 1.78 44,51 o 1.78 3.66 880 54.7
855 i0.0700) | (1.7525) | 59 END CYCLES ©oron) | orsa | 1276 0.85 0.486 1.000 g |_ BTAT17~
7 3.66 958 0.93 0.48 1.0 — -
! t FRACTURE {0.0700) (0.144) {138.9) i 4AB6 .000 L
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Tabte 60: CYCLIC TESTS OF 1.78 mm (0.070 INCH) 6AI-4V STA TITANIUM WELDS PASSING Oy PROOGF AND CYCLED AT 0.70 oy,
R=0INROOM TEMPERATURE AIR (SPECIMENS PROOFED BEFORE CYCLED)
o=
¢ 2 FLAW FLAW STRESS
THICKNESS . DEPTH. | LENGTH, INTENSITY,
SPECIMEN WIDTH W] o2 STRESS, o 0 K1 REMARKS
SPECIME t  |amonc| $8F | LoADING a 2¢ NS e Y%y a/2c a/t MAX
nm {INCH) JbE¥ M m MN/ 3/
da mm ({NCH] { mm {INCH) IS me
=85 IKSIVIND
0 .Jd0
S e WYY —:Tmmmi
] 0.61 4.45 991 52.2 DIMPLED AT
START PROOF (0,024} (0.175) (143.7) 0.96 0.137 0.333 {47.5) | 863 MN/m2 (126.1 KSI)
0.66 4.45 991 53.9
—_— 183 31,74 , |LENDPROOF (0.026) (0.175) (143.7) 0.96 0.143 0.361 @)
Y- : - 46 ;
START CY 0.66 4.45 725 0.70 0.149 0.361 37.7
76-1 (0.07200 | (1.2496} TCveLes [ 066 s 1025 A
1.83 6.22 775 66.7 -
END CYCLES 0.0720) | (0.345) (1051 0.70 0.294 1.000 Gy | BTAT1027~
1.83 6.22 865
FRACTURE (0.0720) | (0.2a5) | (124.0) 0-83 0.294 1000 -
PROOF 0.74 287 1012 50.8  [DIMPLED AT
START PROO {0.029) (0.113} {146.8) 0.98 0.257 0.426 (46.2) __ {888 MN/m2 (128.8 KS)
- 0.84 2.87 1012 52.2
oT 7y 173 3172 END PROOF (0.033) | (01131 | (146:8) 098 0.292 0.485 wrs) | o
-Y- . : 549 ¥:FS 787 I 36.0
70-2 (0.0681) (1.2488) START CYCLES {?ggm {50(1)81 2 “?gg‘ j 0.70 0.292 0.485 f‘gg g!
; ) _ . BT AT 779~
END CYCLES (0.0681) | {02001 | (1051} g.70 0.340 1000 48 g e -
1.73 5.08 869 -
FRACTURE 10.0681) | 10.2008 {126.0) 0.84 0.340 1.000
0.94 2.31 1035 373 DIMPLED AT T
START PROOF (0.037) (0.091) {1150.1) 1.00 0.407 0.623 (43.0} 998 MN/m<2 {(144.8 KSi}
END PROOF 4&%11 E , Gggsﬂ 1.00 0.451 0.580 (428)
PT 7-Y- 1.80 31.25 320 2.04. 0.09 50, R R
703 (0.0707t | (1.2308} START CYCLES | (052, @081 ey 0.70 0.451 0.580 (25.2) D
T30 206 795 ~50.1 BT -
END CYCLES (0.070m | (01601 | (105.1) 0.70 0.442 1.000 wsg _J_ _BTATSO~
1.80 725 0.70
FRACTURE 00507 | ( NA) e —_ — _—

D a, = 1036 MN/m2 (150.1 KSl}

b 2¢ AT BT IS ESTIMATED

BT = BREAKTHROUGH
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Tatile 61:

CYCLIC TESTS OF 1.78 mm (0.070 INCH) 8A1-4V STA TITANIUM WELDS CAPABLE OF PASSING oy PROOF

AND CYCLED AT 0.700,, R =0IN ROOM TEMPERATURE AIR (SPECIMENS NOT PROGFED)
w2 STRESS
¢2 FLAW alid INTENSITY
DEPTH LENGTH P
THICKNESS ow . . K ks
SPECIMEN L WIDTH. W | EE LOADING a 2 STRESS, o % a/2c a/t TMAX REMAR
NUMBER mm INCHIf 2= 1 sequENCE MN/ 2 y MN/ 35
_mm (INCHN 225 mm {INCH) jmm UNCH)[ o) D
sOg (KSIVIN]
53§ — —
—_ —
0.56 4.42 725 0.70 0.126 DIMPLED AT 180~
START CYCLES | tpoz2y | (0174) | (1051 . : @2.0
T 7-Y- 1.81 31.70 181 5.84 725 - 643 ~
70-1 (0.0711) | (1.2480) 52° | END CYCLES (0.0711) | 0230 | (105.1) 0.70 0309 1000 (6851 | _ BTATINST
84 874 ; .30 1.000 —_
FRACTURE oo | o230 | a2 084 0309
0.74 2.87 725 406 347 DID NOT DIMPLE
START CYCLES | y5.029) | t0.113) | {105.1) 0.70 0.257 0. (31.6)
T7-v- 1.82 31.74 £10 295 56.0
1.82 457 1.000 BT AT 1114~
70-2 (0.0715) | {1.2498) END CYCLES (0.0715) (©.180) (105.1} 0.70 0.397 {51.0) e ]
FRACTURE oezs | @380 | i 1390) 0.87 0.397 1.000 —
0.89 2.24 725 315 DIMPLED AT 623~
START CYCLES (0.035} {0.088} {105.1} 0.70 0.398 0.432 (28.7)
LA 1.81 31,20 48° 181 4.83 725 0.70 0.375 1.000 58.0
70-3 (0.0712) | (1.2283) END CYCLES ooz | o5 | uosa . : @©28 | _ _BTAT 1070~
1.81 283 510 088 0.375 1,000 —_
FRACTURE (0.0712) | (0180) § (132,0}

>

Gy

BT = BREAKTHROUGH

= 1035 MN/m2 {150.1 KS}
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Table 62

CYCLIC TESTS OF 1.78 mm (0.070 INCH) 6A1-4V STA TITA
0700y, R=0INROOM TEMPERATURE AIR (SPECIMEN

NIUM WELDS PASSING 0.91 o
S PROOFED BEFORE CYCLED)

y PROOF AND CYCLED AT

-3
o] FLAW FLAW STRESS
THICKNESS 25 L DEPTH. LENGTH, INTENSITY,
SPECIMEN . WIDTH, W wZe STRESS g K REMARKS
NUMBER t mm (INCH| ZOF LOADING a 2¢ M2 AY a/2c a/t Tmax
mm {INCH) SEx SEQUENCE N/ MN/ 3/
2aG mm (INCH} | mm (INCH) {> m3/2
] £33 {KSi)
‘ Qo [KSIY 1NT
[« P
A — o 942 = 64.7 DIMPLED AT
0.89 6.73 -
START PROOE (0.035) (0.265) 1136.6) 0.g1 0.132 0.500 (58.8) 1727 MN/mZ (106.5 KSI)
1.07 6.73 542 735
END FROOF 00420 | 10265 | (136.6) 0.91 0.158 0.600 66.9)
100 | 0oy | (am| % [Teranroverss] 107 6.13 726 0.70 0.168 0.600 o
= 072 : (0.042) {0.265) (105.1) ' : {49 8}
1.78 .73 725 211 .
END CYCLES 10:0700) | (0265) |  (105.1) 0.70 0.264 1.000 (ga7) | BTATI6S~ =
FRACTURE 1.78 6.73 B37 ——
10:0700) | (0265) | (1214 081 0.264 1000
0.99 3.94 942 57.5  |DIMPLED AT
START PROOF {0.039) {0.155) (126.6) 0.91 0.252 0.536 {52.3)  |780 MN/m2 (113.1 KSI}
END PROOF ©o4n | (0185 | 13ee 0.91 0.277 0591 (53.9)
PT 7.0- 1.82 31.61 45° 0% .18 Lt - S (R
- . n - A 1 ¥
70-2 (0.0728) | (1.2444) sTARTcveees | 109 398 o2t 0.70 0.277 0 .
1.85 5.08 735 555 5
END CYCLES (0.0728) | (0.200) (105.11 0.70 0.364 1.000 (5420 |_BTATSS7~
- 1.85 5.08 886
FRACTURE (0.0728) |  (0.200) (128.5) 0.86 0.364 1.000 —
1.24 3.23 933 : 529 DIMPLED AT
START PROOF (0491 (0,127} (135.3) 0.90 0.386 0.703 148.1) _ 1933 MN/m? (135.3 KSI)
1.32 3.23 933 0.00 0.409 52.9
bT 7.9. - 31.65 ;10 LEND PROOF 0052 { ©ion | 01353 0.746 ety |
p.0697) | 11.2461) 1.32 3.23 570 5408 2073
70-3 ( sTARTcvcres | 132 38 | 725 D.746 (36.7)
1.77 4.83 725 58.1 -
END CYCLES (coson | s | s 0.70 0.367 1-000 (629) | _BTAT324~
177 183 312
; f FRACTURE (000071 | c6.150) (1332 0.88 0.367 1.000 —

D gy = 1035 MN/m2 (150.1 KS)

BT = BREAKTHRQUGH
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Table 63 CYCLIC TESTS OF 1.78 mm (0.070 INCH) 6A1-4V STA TITANIUM WELDS CAPABLE OF PASSING 0.91
0y PROGF AND CYCLED AT 0.70 Oy, R =G IN ROOM TEMPERATURE AIR (SPECIMENS NOT PROOFED)

4

14 T ¥ = ’ ¥
g S FLAW FLAW , STRESS
THICKMNESS 5 w DEPTH, LENGTH, INTENSITY,
SPECIMEN WIDTR. W] Sze | STRES K REMAR
NUMBER 1§ & JmmtncHl| 2 oF e a 2¢ AV %Y af2c | aft Twax EMARKS
mm {INCH) 28 mm tNCH} | mm (INCH] m {} : MN/ 312
SOOI (KS1)
5395 =L {KSIVTNT
e e e e =
tcycLes| (222 6.86 725 50.6 DIMPLED AT
STAR (0.037) {0.270) (105.1) 0.70 0.137 0.536 (46.00  |697 MN/m2 (101.1 KSI)
T79 1.75 44.43 279 1.75 7.06 725 736
701 (0.0690) | (1.7494) END CYCLES (0.0800) | {02781 | (106.1) 0.70 0.248 1.000 (67.0) BT AT 146~
FRACTURE Goee0 | 098 | (1268 0.84 0.248 1.000
1.02 3.91 725 442  |DIMPLED AT
o START CYCLES {0.040) (0,154} {105.1} 0.70 D.266 0,585 (40.2) 725 MN/m2 (105.1 KSI)
T7-8 1.74 31.63 42 v 1.74 5.21 725 60.7
70-2 {0.0684) | (0.1452) END CYCLES (0.0684) | (0.205 {105.1} G.70 0.334 1.000 {55.2) |  BTAT360~
FRACTURE 1.74 5.21 876
(0.0684) { {0.2085) {127.1) 0.85 0.334 1.000
1.24 312 735 30.3
START CYCLES | (9 p49) {0.123) (105.1) 0.70 0.398 0.710 (358) |PMPLED AT 249~
179 1,75 31.62 190 1.75 414 725 51.8
70-3 (0.0690) | (1.2450) END CYCLES (0.0690) | (0.163) | {105.1) 0.70 0.423 1.000 47.1) |} _ BTAT421~
FRACTURE 1(1)'32901 <3'133a [:gg'_:’ﬂ 1.02 0.423 1.000

Y
BT = BREAKTHRQUGH

D 0 = 1035 MN/m2 {150.1 KS1)
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Table 64:

CYCLIC TESTS OF 5,33 mm (0.210 INCH) 6A1-4V STA TITANIUM WEL

DS PASSING oy PROOF AND CYCLED AT 0.85-0)/,

R=0IN ROOM TEMPERATURE AIR (SPECIMENS PROOFED BEFORE CYCLER)
5
gg FLAW FLAW STRESS
SPECIMEN THICKNESS WIDTH. W o;;«_ DEPTH, LENGTH, . INKTIENSH'Y; REMARKS
: . GZe ADING STRESS, o :
NUMBER t mm {INCHY| 2 O F LOADING. a | 2 M2 A\_' af2ec | a/t MAX
ram (INCH) T } | om ancHfmm aner T > t MN/\3/5
=55 i (KSIVTN]
a0
= —
1.70 11.68 948 825 DIMPLED AT
START PROOF | (0.067) (0.460} {137.5) 0.99 0.146 0.313 (75.1) 829 MN/m? (120.3 KSI}
: 1 11.68 948 _ 89.9
PT21-Y- | 544 26.38 aso, | oD PROOF Gons) | 0400 (137.5) 0.99 0.185 0.397 (81.8)
85-1 (0.2140) | (3.0072) ' — — — - —— i ————
START CYCLES | (5085) | (0460) | (1185 0.85 0.185 0.387 (68.8)
5.44 16.51 817 123.6 -
END CYCLES (0.2140) | (06500 | (118.5) 0.85 0.329 1.000 {112.5) FAILED AT 160
’ 2.13 7.44 961 778 DIMPLED AT
START PROOF {0.084] {0.293) {139.4) 1.00 0.287 0.398 {70.7} 855 MN/m2 (124.0 KSI)
2.34 7.44 2[: 3] 78.8
. END PROOF (0.092) (0.293) 1139.4} 1.00 0.314 0.435 (71.7)
PT 21-Y- | 5.37 76.32 470 S =4 Ty B ——— e ———
85-2 (0213 | (3.0048) START CYCLES | 5002 | 10203 | (1185 0.85 0.314 0435 (59.8)
156 arry "
END CYOLES | 230 | (gdeer | (1es) 0.85 0.464 1.000 a9l _BTAT247 ~
FRACTURE o3 1 odne) (?ggj : 0.92 0.464 1.000 —_
759 .12 961 69.0 DIMPLED AT
START PROOF {0.102) {0.241) {137.9) 0.89 0.423 0.482 (63.6) 812 MN/m2 (117.7 KS1)
2.79 7.76 951 80.8
5,27 6,63 o END PROOF {0.110} {0.305) {132.9) 0-99 0-361 0.520 (73.5) e
PT 21-Y- - : 43 . 7.75 817 68.2
85-3 (0.2118) | (3.0129) staRTcveLes | 2700 | dads | (Gias) 0.85 0.361 0520 B21)
5.37 12.32 817 100.3
END CYCLES (0:2115) | (0485} } (118.5) 085 0.436 1000 | 13 _BTAT 148~
FRACTURE 5.37 12.32 848 0.88 0.4 1.000 —
10.2115) { (0.485) | (123.0) 36

[> ov=- 961 MN/m2 (130.4 KsI)

BT = BREAKTHRQUGH
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Table 65: CYCLIC TESTS OF 5.33 mm (0.210 INCH) 6AI-4V STA TITANIUM WELDS CAPABLE OF PASSING 0,
PROOF AND CYCLED AT 0.850,, R=0IN ROOM TEMPERATURE AIR (SPECIMENS NGTPRDOFED}

=
SPECIMEN THICKNESS wioTs v o ; = DRI | LERSTH, STRESS O K1 . REMARKS
t LancH| ZOF LOADING a 2c Y /o a/2c¢ a/t MAX
NUMBER mm { 2 SEQUENCE MNJ 2 v MN/ 3/
mm (INCH) 225 mm (INCH) | mm (INCHR b m3/2
=8a (KSIYINY
. - o Jdo
1.75 11.48 817 20.2 DIMP ~
T 21-Y- 5.12 76.23 sgo | START CYCLES | (0.069) (0.452) (118.5) 0.85 0.163 0.342 63.9) "LED AT 7
851 . {0.2015 (3.0011) END CYOLES 512 14.48 817 0.85 0.354 1.000 1164 FAILED AT 144~
(0,2015) | (0.570) (118.5) {105.04
2.11 7.37 817 64.4 DIMPLED AT 78~
START CYCLES (0.083) (0.2901 {118.5} 0.85 0.286 0402 {58.6) .
T 21-Y- 5.24 76.14 550 5.24 12.70 817 105.0 BT AT 292~
85-2 (0.2064) | (2.9978) END CYCLES (0.2064) | (0.5001 | (118.8) 0.85 0.413 1.000 @65) | _ __ _ T _ -
FRACTURE 5.24 12.70 873 6.01 0.413 1.000 —_—
{0.2064) {0.500) | {126.6)
49 5.97 817 58.5 P T 19~
sTART cvcLes | (G osm) (0.235] (118.5} 0.85 0.417 0.469 (83.2) DIMPLED A
T 21-Y- 5.31 76.14 48° 5.31 11.18 817 ] s 90.3 N
85.3 (0.2001) | (2.9978) END CYCLES 0.2091) | (0440 | (118.8) 0.85 0 1.000 (82.2) _HBTAT307~
FRACTURE 5.31 11.18 814 0.85 0.476 1,000 —_—
{0.2091) | (0.44) (118.0) :

>0y = 961 MN/m2 (139.4 KSI)

BT = BREAKTHROQUGH
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Table 66:

CYCLIC TESTS OF 5.33 mm (0.210 INCH) 6AI-4V STA TITANIUM WELDS PASSING oy PROOF AND CYCLED A T0.700

R =01N ROOM TEMPERATURE AlR (SPECIMENS PROOFED BEFORE CYCLED)

Y:

o=
e FLAW FLAW STRESS
THICKNESS g DEPTH, | LENGTH, INTENSITY,
SPECIMEN WIDTH, W za K
NUMBER t mm UNCH S OF ;Sgt?émgs a 2c ST;‘&S‘IS'; %Y a/2c a/t Imax REMARKS
mm {INCH) 225 mm (INCH} | mm (INCH) ‘KS;’” D MN/ (1302
E8 5 (KSIVINT
h:‘ 44 8z e
. 1.70 1. 956 83.2 DIMPLED AT
START PROOF | 170 Qe (138.6) 0.99 0.148 0.316 (75.7) {821 MN/m2 (119.0 KSh
END PROOF (.288) 0de2 | (ame) 0.99 0.195 0.415 B30
PT 21-Y. | 538 75.96 510 3.34 1748 673'6 > —e———————
701 (0.2120) (2.9905) START CYCLES § (5 hag) 0.452) 97.6} 0.70 0.195 0.415 (Sé;%
518 12,99 573 98.2 :
ENDCYCLES | (021200 | (05301 | 1978) 0.70 0.359 1000 (86.8) f _ _BT AT 866~
FRACTUR 5.38 14.99 791 - =
R € 10.2120) | t0.580) (114.7) 0.82 0.359 1.000
2,16 7.49 849 76.9 DIMPLED AT
START PROOF | (gggs) (0.295) (137.6} 0.99 0.288 0.404 (70.00 1823 MN/m2 {119.3 KsI)
END PROOF o (g‘ggs} k] 6 0.99 0.339 0.476 78.7
PT 21-Y- | 534 76.36 489 5 - et AL
702 (0.2103) | (3.0062) START CYCLES | (01000 | (02950 | (97.6) 0.70 0.339 0.476 39.2)
5.34 12.45 573 8
END CYCLES | (2103 | todgo) | (s7.6) 0.70 0.429 1.000 28 BT AT 766~
5.34 12.45 821 e
FRACTURE 0.2103) { (0.490) {119.1) 0.85 0.429 1.000
2.59 6.10 961 706 DIMP A
START PROOF | (p.102) {0.240} (139.4} 1.00 0.425 0483 (84.2) 833 MLI‘EIER {Tm_a Ks1}
579 6.99 961 76.4
END PROCF (0.110) (0.275) {139.4) 1.00 0.400 0.521 (69.5)
PT 21-Y- 5.36 76.24 469 2.79 6.99 673 0.70 0.400 52.0 T T
70-3 (0.2110) | {3.0017} START CYCLES{ (0.110) {0.275) (97.6} : - 0.521 147.3)
53 12.
END CYCLES | 03m10) | (odoe | (1% 0.70 0.426 1.000 5 BT AT 891~
5.36 12.67 825 T T s T
FRACTURE (021100 | (0498 | (118.6) 086 0.426 1.000
i

D oy = 961

MN/mZ (138.4 KSI)

BT = BREAKTHROUGH
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Table 67: CYCLIC TESTS OF 5.33 nm (0.210 INCH) 6A1-4V STA TITANIUM WELDS CAPABLE OF PASSING o, PROOF

AND CYCLED AT 0.70 Oy R=0INROOM TEMPERATURE AIR (SPECIMENS NOT PROOFED)
S
§ S FLAW FLAW STRESS
SPECIMEN THICKNESS WIDTH, W 2 ; o pEFTR. LEROTH s IT(TIENSITY' AEMARKS
o v e LOADING TRESS, ¢ g )
NUMBER t mm {INCHN 2 O F SEAUENCE a 2c g iy ajac a/t MAX
mm (INCH} dbEx ' m . MN/ 3/
i s mm (NCH)| mm ONCH) L o > m
‘ =8 {KSIVINT
L = a-0 N— — r—]
1.68 11.56 573 55.6
START CYCLES |  (0/066) (0.455) (7.6} 0.70 0.145 0.327 {50.6) DID NOT DIMPLE
T 21-¥- 5.13 75.96 49° 513 14.35 673 0.70 0.3 93.2 -
70-1 (0.2018) | (2.9904) END CYCLES (0.2018) | (0.565) |  (97.6] 4 57 1.000 @apl | _ BTATSS~
5.13 14.35 780 0.81 0.357 1.000 -
FRACTURE 10,2018} | (0.568). ] (113.1}
216 7.47 673 526 N
STARTCYCLE |  (008s) | (0.204) | (97.6) 0.70 0.289 0.407 (479) | DIMPLED AT 312
T 21-Y- 5.30 76.28 o 5.30 11.06 673 726 .
70-2 (0.2088) | {3.0033) 50 END CYCLES (0.2088} |  (0.435) (97.6} 0.70 0.430 1.000 (6.1 | _BTAT864~__ |
FRACTURE 5.30 11.05 836 0.87 0.480 1.000 —_
(0.2088} | (0.435) (121.3)
2.67 6.43 673 49.5 . |
by 1 T START CYCLES | (g 105) (0.253) (97.6) 0.70 0.415 0-496 (45.0) DID NOT DIMPLE
T 21.Y- \ . o 5.38 11.56 673 76.9
70:3 (0.2117) | (29993 | 45 END CYCLES w2117) | (0.455) | 197.6) 070 0.465 1000 9.1y P BT AT906~
CTURE 5.38 11.56 867 0.90 - 0.465 1.000 -
FRACT 0.2117) |  {0.455) {125.7)

[T> ov = 961 MN/m2 (139.4 KSI}

BT = BREAKTHROUGH
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Table 68: CYCLIC TESTS OF 5.33 mm (0.210 INCH) EAI-4V STA T! TANIUM WELDS PASSING 0.91 oy PROOF AND CYCLED AT 0.70 Oy,
R =0IN ROOM TEMPERATURE AIR (SPECIMENS PROQFED BEFORE CYCLED) '
2 g FLAW FLAW STRESS
specimeny JTHICKNESSf o ok DEPTH, | LENGTH, . . n\:('erNsurv, s
ECIME cze ADING TRESS, o
NUMBER Lo Jmmuncmy 227 | LOAOING a 2c MN7. 2 /’Y ajic a/t MAX
mm [INCH) Sk mm (INCH} | mm (INCH) ™ > MN/m3/2
£9 (K5I} T
1 25¢ {KSIVIN
. _:L=_, E—— 1= ;F==T=__—.___—-==i
2.21 15.37 860 : 85.6 DIMPLED AT
PT 21-9- 5.772 | (152_32) START PROOF (0.087} 10.508) (124.8} 0.90 0.144 0.387 {77.8} 827 MN/m2 {120 KSI)
70-1 (0.2250 6.0165 2.36 15.37 860 884
_ o LoD PROOF (0.093) | (0.608) | (124.8) 0-50 0.154 0413 804 1 _ _ _ ______
e 2.36 16.37 673 67.0
3.5021) START CYCLES |  (0.093) {0.605) 97.6) 0.70 0.154 0.413 {61.0)
0. /72 17.27 673 102.5
[> END CYCLES (0.2250) {0.680) {97.6 0.70 0.331 1.000 (92.3) BT AT 540~
.72 17.27 712 - | T -
FRACTURE (0.2250) | 10.680) | (103.2) 0.74 0331 1.000
297 11.56 875 o 92.3 DIMPLED AT
START PROOF (0.117) {0.455) {126.9] 0.91 0.257 -560 (84.01 732 MN/m2 {106.1 KSU)
373 76 876 o 95.4
rrore | sar - | ssez END PROOF 0127, | 0463 | (126.9) 0.91 0.274 897 g68) Vo _
-9- . . o 307 TT.75 573 71.5
70-2 (0.2128) | (2.9850) 46 START CYCLES | (3157) (0.463) 97.6) 0.70 0.274 0.597 (65.1)
5.41 T2.06 T3 : 547
END CYCLES | 031se) | weesr | o76) 0.70 0.364 1.000 ge2t | _ BT AT 318~
5.41 14.86 756 —
FRACTURE (021281 | (085} | {1155) 0.83 0.364 1000
3.73 9.09 860 80.9 DIMPLED AT
START PROOF {0,147} {0.358) {(126.1) 0.90 0.411 0.691 {73.6) 652 MN/m< {84.6 K51
04 551 860 56,6
- END PRQOF {0.158} {0.390) (126.1} 0.90 0.408 0.748 (78.7) L
PT 21-9 5.40 76. 310 .04 9.91 573 65.7 -
70-3 10.2127) (3.0042) START CYCLES {0.159) (0.350) 97.6) 0.70 0.408 0.748 {59.3}
5.40 13.21 673 875 N
END CYCLES (021271 | (0.520) (97.6} 0.70 0.409 1.000 i79.6p | _BTAT3I~
5.40 13.21 794 0.83 0.409 -
i [ FRACTURE 02127) | 08200 | ¢118.1) 1.000

Dvcry = 961 MN/m2 (139.4 KSi)

[>> GRIPS FAILED IN PROOF TEST, SPECIMEN REMACHINED FOR CYCLIC TEST

BT = BREAKTHROUGH
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Table 69: CYCLIC TESTS OF 5.33 mm (0.210 INCH) 6AI-4V STA TITANIUM WELDS CAPABLE OF PASSING 0.91 oy
PROOF AND CYCLED AT 0.70 0y, R =0IN ROOM TEMPERATURE AR (SPECIMENS NOT PROOFED)

-
“a::J E FLAW FLAW STRESS
SPECIMEN | O oS o, w N PEFTH, | LENSTH, Y.
. = y STRESS, ¢ o} T REMARKS
NUMBER t Ammanch| 28F | SOADING a 2c s 1 9%, a/ic a/t MAX
~mm UNCH i rI_ 5 mm UNCHI | mm (INCH) (Kslrjn W MN/m3/2
R {KSIVINT
221 15,49 673 66.3 IMPLE
START CYCLES | (0.087) | (06100 | 1976) 0.70 0.143 0.426 (60.3) DID NOT B
T 219 5.19 162,44 o END CY 5.18 16.26 673 0.70 0.320 1.000 99.6
70-1 (0.2045) | {6.0015} 50 CYCLES (0.2045) | {0.640) (97.6) feo.6) | _ BT AT 220~
FRACTURE 5.19 16.26 NA _— — — —_
{0.2045) | (0.640)
3.00 11.61 673 69.6 -
START CYCLE | (0.118) | (04571 | {978 0.70 0.258 0.556 (63.3) DIMPLED AT 78
T 20-5- 5.39 76.38 470 5.39 13.72 673 90.3
702 (©.2121) | {(3.0072) END CYCLES | o2121) | (05401 | 1976l 0.70 0.393 1-000 8221 | BT AT284~
FRACTURE 5-39 13.72 778 0.393 1,000
0.2121) | 05400 | {112.9) o8
3.76 8.8 673 60.6 ~
START CYCLES | (0.148) {0.350) (97.6) 0.70 0.423 0.696 (55.1) DIMPLED AT 6
T 21-9- 5.40 76.3 42° 5.40 11.05 673 71.8
703 10.2125) | (3.0048) END CYCLES (0.2125) | (0.438) | (97.6} 0.70 0.489 1.000 t65.3) | BT AT 268~
FRACTURE 5.40 11.05 838 087 0.489 1.000
(0.2125) | 10.435) (121.5)

D oy = 961 MN/m2 (139.4 KSi}

BT = BREAKTHROUGH





