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CRACK-GROWTH BEHAVIOR IN THICK WELDED PLATES OF
INCONEL 718 AT ROOM AND CRYOGENIC TEMPERATURES

By Royce G. Forman
Lyndon B. Johnson Space Center

SUMMARY

Smooth tensile specimens and surface-cracked fatigue and fracture specimens
from 1.90-centimeter (0.75 inch) thick Inconel 718 plate were tested to determine me-
chanical properties and crack-growth behavior. Base metal and four types of welds
were tested in environments of ambient air and liquid nitrogen. Of the different types
of welds, more difficulty was encountered in producing acceptable welds using the
electron-beam and plasma-arc processes. Also, these welds exhibited lower fracture-
toughness properties and higher crack-growth rates than the two different types of gas
tungsten arc welds. Base-metal results showed significantly higher fracture-toughness
and lower crack-growth-rate properties than corresponding properties for any of the
weld processes. The crack-growih-rate experimental results showed correlation with
theoretical results for both base metal and weld metal,

INTRODUCTION

One of the many alternatives considered for the first stage of the Space Shuttle
vehicle was a pressure-fed booster containing liquid oxygen and liquid propane propel-
lants. The large diameter of 8.2 meters (27 feet) and the high internal tank pressure

of 2.76 MN /m2 (400 psi) necessitated tanks having walls thicker than any previously
built for space application. A fabrication feasibility assessment was therefore under-
taken at the NASA Lyndon B. Johnson Space Center (JSC) for three materials:
2219-T87 aluminum alloy, Inconel 718, and 200 grade maraging steel. The investiga-
tion included preliminary assessments concerning potential problems in the areas of
welding, forging, machining, roll forming, heat treatment, corrosion, fracture tough-
ness, and mechanical properties.

From the assessment, it was found that data were almost completely lacking in
the areas of fracture toughness, fatigue-crack-growth rates, and mechanical properties
of thick welds in the three materials. These data were necessary to determine weld-
land dimensions, to determine flaw-detection requirements, and to estimate proof-test
requirements for preventing failures at operating pressure levels. To obtain these data,
tests were first performed on thick welded plates of 2219-T87 aluminum alloy. These
results are discussed in reference 1. The subsequent testing on thick plates of




Inconel 718 is discussed in this report. The testing of 200 grade maraging steel was
not made part of the NASA program because a Space Shuttle study contractor was inde-
pendently obtaining these data.

The experimental results obtained for Inconel 718 were for base metal and four
different types of welds. The four weld techniques evaluated were as follows:

1. Electron beam (EB)

2. Gas tungsten arc (GTA)

3. Pulse-current gas tungsten arc (pulse GTA)

4. Plasma-arc root weld with gas tungsten arc fill passes (PAW-GTA)

Except for some of the GTA weld specimens, all base-metal and weld-metal spec-
imens had a 991 K (1325° F) aging heat treatment before final machining. The GTA
weld specimens were tested after being given one of three different heat treatments,

The test environments used in the program were room-temperature air and liquid ni-
trogen (LN2). All welds were perpendicular to the longitudinal (loaded) axis of the

specimens.

As an aid to the reader, where necessary the original units of measure have
been converted to the equivalent value in the Systéme International d'Unités (SI). The
SI units are written first, and the original units are written parenthetically thereafter.

SYMBOLS

The SI unit conversion factors used with these symbols are listed in the appendix.

a crack depth, centimeters (inches)

b crack half-length, centimeters (inches)

Ca material constant for crack growth in the a direction

Cb material constant for crack growth in the b direction

E modulus of elasticity, GN/ m2 {ksi)

F correction factor for the effect of the cracked plate surface (front face) on the

growth of a crack through the thickness

ry Ultimate tensile strength, MN/ m2 (ksi)
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a
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tensile yield strength (0, 2-percent offset), MN/m2 (ksi)

stress-intensity factor, MN/ m3/ 2 (ksiyin,)

critical stress-intensity factor at fracture for surface-flawed specimens,

MN/ma/2 (ksiy/In.)

correction factor for the effect of crack shape and depth on the growth of a
crack through the thickness

number of fatigue load cycles
flaw-shape correction factor
ratio of minimum applied stress to maximum applied stress in a fatigue cycle

crack-tip yield-zone radius on surface of specimen, millimeters (inches) -
crack-tip yield-zone radius at point of maximum crack depth, millimeters (inches)

numerical exponent in the fatigue-crack-growth equation
plate thickness, millimeters (inches)
specimen width, millimeters (inches)

stress-intensity-factor range at the minor axis of the semielliptical crack,

MN/m3/ 2 (ksi\In.)

stress-intensity-factor range at crack tip on surface of specimen during a
fatigue cycle, MN/m3/2 (ksiVin.)

stress range during a fatigue cycle, maximum ¢ minus minimum o,
MN/m? (ksi)

angular coordinate

applied stress, MN/m2 (ksi)

complete elliptic integral of the second type

ettt bR B s < et
s
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Subscripts:

avg., average conditions for N cycles

c conditions at failure
f final conditions after N cycles
i initial conditions hefore N cycles

TEST SPECIMEN DESCRIPTION

The specimen fabrication for the Inconel 718 program was divided v:to two phases
(Phases I and I1), and two contractors (designated contractor X and contractor Y in this
report) were used to perform the welding and to assist in other fabrication steps.

Phase I of the program consisted of contractor X welding 17 crack-growth specimens
and 3 plates for tensile specimens to develop initial weld paramelers and test data. The
welding was done on material already purchased by contractor X. The majority of spec-
imen preparation and testing was done in Phase II on 62 crack-growth specimens and

19 tensile specimens, most of which were welded by contractor X and the remainder by
contractor Y. The Phase II specimens were all obtained from a single heat of material
purchased by NASA and shipped to the contractors. Both the Phase I material and the
NASA -supplied material consisted of 1.90-centimeter (0. 75 inch) thick plate purchased
to specification AMS-5596.

All welding in the program was done on the material in the as-received heat-
treatment condition. This condition consisted of a 1228 K {(1750° F) solution treatment
for one-half hour and an air ccoling. Tre chemical analysis and source of the NASA-
purchased material are given in table I. No analysis is available for the Phase I mate-
rial purchased by contractor X.

After welding, all heat treatment and machining were performed either by JSC or
by contractor Y, and all testing was performed at JSC. Specific details of the fabrica-
tion processes are given in the following subsections.

Welding Processes

The welding processes selected were based on experience and available technology
for welding thick Inconel 718 plate material. Contractor X, who did all of the welding
for Phase I, selected GTA, EB, and PAW-GTA weld processes for the Phase I program.
In Phase II, contractor X selected the GTA process with a different joint configuration
and a full-penetration plasma-arc process. Contractor Y selected the pulse GTA proc-
ess. The weld parameters and joint configurations for these processes are shown in
figures 1 to 5. Photographs of the polished and etched weld cross sections are shown
in figures 6 to 9.

For the GTA process, the joint design shown in figure 1 was used for welding
Phase I specimens. After completing these welds, the contractor decided that a



narrower groove could be used with fewer passes; thus, the joint shown in figure 2 was
used for Phase II GTA welds. Other than some isolated cases of lack of fusion and
porosity caused partly by malfunctioning of the equipment, no significant problems were
found by contractor X in making satisfactory GTA welds with either wide o narrow
groove configurations.

The pulse GTA welds made by contractor Y had the joint configuration and weld
parameters shown in figure 3. For unknown reasons, which probably involved malfunc-
tioning of the equipment, the pulse GTA welds had an intermittent lack of root penetra-
tion. This condition is shown in figure 7, which consists of two photogrsphs of weld
cross sections taken at different locations in a single plate. The lack of penetration
did not appear to significantly affect the test results.

Electron-beam welding resulted in the greatest number of problems. The initial
approach was to use a square groove joint without a backup plate and to make the weld
very narrow. This approach resulted in a weld having quer’ionable sidewall fusion as
indicated by a cross section showing a .ery narrow and irregular fusion zone. Widen-
ing the weld resulted in sharp-tailed porosity-type indications along the centerline of the
weld as determined by radiographic examination. A different approach was ‘hen used
to permit any entrapped gases to be * rated to the surface of the molten weld before
solidification. This approach consi. .d of slowing the welding travel speed appreciably
and providing a much wider weld (0. 25 centimeter (0.1 inch)). To contain the molten
puddle, a 0.952-centimeter (0.375 inch) thick Inconel 718 backing strip was used. The
electron beam did not penetrate through this strip. Radiographic examination of this
weld still showed some fuzzy, hairline defect indications along the centerline of the
weld. These indications could not be identified by subsequent metallographic examina-
tion. Further development in an effort to obtain defect-free welds proved to be fruit-
less. The finally selecied EB weld parameters, which were the same for both Phase I
and Phase II specimens, are shown in figure 4. A cross section of an EB weld is shown
in figure 8. Examination of microsections of the weldments did not show any general
microfissuring; however, some microfissuring was found in the adjacent b~at-affected
area as shown in figure 8(b).

The PAW-GTA welding was accomplished using the edge prepz and param-
eters shown in figure 5. The cross section of the weld is shown in { 6(b). This
configuration, with a 0.51-centimeter (0. 20 inch) thick root land, wa. .onsidercd ac-
ceptable and ensured complete root penetration by plasma-arc welding when the keyhole
mode was used without filler wire. The subsequent filler passes were made using GTA
instead of PAW because preiiminary inve-tigation had indicated that welding subsequent
passes by PAW using filler wire resulied in gross porosity tunneling. However, this
problem was generally eliminated for the Phase II specimens, for which a different
welding facility was used. Inthe Phase II program, a joint configuration having a
thicker (1.27 centimeters (0. 50 inch)) root land was developed after initial work indi-
cated that it could be penetrated by a plasma arc in a single pass. The filler passes,
which were made using PAW instead of GTA, were found to be defect-free by radio-
graphic inspection, However, a serious problem with the PAW process in: the Phase II
program was that the plates had excessive distortion. A cross section of the iveld and
the excessive plate distortion are shown in the photographs in figure 9. Because of this
distortion, none of these specimens were straight enough to machine and, thus, none
of these specimens were tested. It should be stated, however, that the distortion re-
sulting from the deep-penetration PAW process migit have been satisfactorily mini-
mizec with additional development effort.




Machining and Heat Treatment

In the Phase I program, the welded plates used for the surface-flawed specimens
were 10 centimeters (4.0 inches) wide, excluding the weld tabs used at the beginning
and ends of the welds. For the Phase II welding of NASA material, the plates haa ap-
proximately 99-centimeter (39 inch) long weld joints. After welding, the plates were
cut by plasma arc into cross-weld specimens (welds perpendicular to longitudinal axis)
approximately 8.2 centimeters (3. 2 inches) wide.

Heat treatment and final machining of the Phase T GTA and PAW-GTA weld speci-
mens were perfermed by NASA. Heat treatment of all other specimens fabricated for
the test program was Jone by contractor Y, Contractor Y also machined the Phase II
GTA and pulse GTA specimens after heat treatment. All other machining of specimens
after heat treatment was performed by NASA. A photograph of a surface-flaw weld
specimen after heat treatme and a photograph of another specimen after machining
flat ard notching the starter :law with an electrical discharge machine are shown in fig-
ure 10. Final dimensions for each specimen tested are listed in tables II to (V.

After all welding was complete, the remaining unwelded Phase II plate material
was cut into bars approximately 8.9 centimeters (3.5 inches) wide by 41 centimeters
(16 inches) long to be used for base-metal tests. The longitudinal grain direction for
these specimens was transverse to the loaded direction of the specimens. Heat treat-
ment of the base-metal specimens was performed by contractor Y, and final machining
was performed by NASA,

Three different heat treatments after welding were studied in the test program.
The first heat treatment, referred to as "A, '' was the normally recc:nmended 991 K
(1325° F) aging treatment. This treatment was used on all welded and base-metal
specimens except for some of the Phase I GTA welded material. The two additional
heat treatments for this welded material were included to determine the effect of re-
solution treatment after welding and the effect of having the aging temperature 55.5 K
(100° F) above normal to simulate inadequate temperature control of a very large heat-
treatment facility. The three heat-treatment conditions, designated A, B, and C, were
as follows.

1. Treatment A - age at 991 K (1325° F) for 8 hours, furnace-cool at 55.5 K
(100° F) per hour to 894 K (1150° F), hold for 8 hours, and air-cool.

2. Treatment B - age same as treatmenc A, re-solution treat at 1228 K (1750° F),
and re-age to treatment A.

3. Treatment C - age same as treatment A, re-solution treat at 1228 K (1750° F),
re-age at 1047 K (1425° F) for 8 hours, cool to 922 K (1200° F), aold for 8 hours, and
air-cool.

Tensile specimens were fabricated and tested for each type of weld and heat treat-
ment. A drawing of a typical tensile specimen is shown in figure 11, For the Phase I
material, all tensile specimens for each type weld were machined from the same plate,
which was welded specifically for making these specimens. For the Phase II material,
the teneile specimens were machined from the same large plates from which the crack-
growth specimens were obtained. The heat treatment of tensile specimens and of
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corresponding crack-growth specimens for a given type weld was done at the same
time in the same furnace. Twelve tensile property specimens were tested in Phase I
and 19 in Phase I,

Specimen Prefix Symbols

Prefix letters were used in numbering the crack-growth and tensile specimens
to identify the type of weld, the welding contractor and material supplier, and the heat
treatment, respectively. Four such letters were used for the crack-growth specimens
and three for the tensile specimens. The meaning of the prefix letters is as follows:

Crack-growth specimens Tensile specimens
First two letters (XX--): First letter (X--):
GT - GTA weld G - GTA weld
EB - EB weld E - EB weld
PA - PAW-GTA weld P - PAW-GTA weld
BA - base material B - base material
Third letter (--X-): Second letter (-X-):
X - contractor X Phase I weld X - contractor X Phase I weld
N - contractor X Phase Il weld N - contractor X Phase I weld
Y - contractor Y Phase II weld Y - contractor Y Phase II weld
Fourth letter (---X): Third letter (--X):
A - heat treatment A A - heat treatment A
B - heat treatment B B - heat treatment B
C - heat treatment C C - heat treatment C

The following table contains a complete list of prefix symbols used and the number of
specimens tested for each prefix.

Crack-growth Number of Tensile specimen Number of
specimen prefix specimens tested prefix specimens tested
GTXA 5 GXA 2
GTNA 14 GNA 5
GTNB 8 GNB 3
GTNC 6 GNC 3
GTYA 7 GYA 4
EBXA 6 EXA 6
EBNA 8 ENA 2
PAXA 6 PXA o
BANA 19 BNA 2
Total 79 31

PO
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TEST APPARATUS AND PROCEDURES

T .e testing of the Inconel 718 welded and base-metal specimens was performed
in air at room temperature and in liquid nitrogen to obtain the following properties.

1. Tensile properties

a. Ultimate tensile strength FTU

b. Tensile yield strength (0. 2-percent offset) FTY

¢. Modulus of elasticity E
2. Critical stress-intensity factor at fracture for surface-flawed specimens KIE

3. Fatigue-crack-growth rates for surface-type flaws da/dN, where a is the
crack depth and N is the number of fatigue load cycles.

All testing of flawed specimens was performed using a 272 000-kilogram
(600 000 pound) capacity, hydraulically operated, axial-load fatigue testing machine.
The loads were applied through self-alining, hydraulically operated friction grips. The
tensile-properties tests were done on a 45 000-kilogram (100 000 pound) capacity tensile
testing machine. The cryogenic tests were performed by enclosing the specimens in an
open-top polyurethane foam container filled with liquid nitrogen. A soaking time of ap-
proximately 20 minutes was required to stabilize a specimen at LN2 temperature before
each test,

To induce all initial fatigue cracks in the surface-flawed specimens, the surfaces
were notched using an electrical discharge machine; then cracks were grown from the
notches (precracking) by subjecting the specimens to bending fatigue. The machined
notches were approximately 1.3 centimeters (0.5 inch) long and 0.25 centimeter
(0.1 inch) deep. Precracking was done at a load ratio R of 0.1 and a maximum load
such that a fatigue crack 0. 25 centimeter (0. 1 inch) long developed on each end of the
notch in an average of 160 000 cycles. Thus, the growth rate for precracking was very
low and was less than any measure in the subsequent growth-rate tests. Therefore,
the crack-growth test results were nct altered or affected because of high precracking
stresses.

Initially, precracked fracture specimens for the base and weld metal were stati-
cally tested to failure to obtain preliminary fracture-toughness values. Afterwards,
all specimens were axially fatigue cycled at prespecified load levels and number of
cycles and then were pulled to failure. By applying fatigue cycles, then pulling to fail-
ure, a growth-rate data point was btained together with a fracture-toughness value for
2Qach specimen.

The tensile yield strength properties for the base and weld materjals were ob-
tained from strain gages on the tensile specimens. The strain-gage lengths were approx-
imately one-half the width of the welds. The gages were installed back to back on
opposite faces of the specimens, and the strain readings were averaged to cancel
bending effects.

o =
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RESULTS AND DISCUSSION

In this section, results of tensile strength tests, fracture-toughness results, re-
sults of fatigue-crack-growth tests, and correlation of experimental and theoretical
crack-growth data are presented.

Tensile Strength Tests

Twenty-nine weld specimens and two base-metal specimens were tested to obtain
tensile strength data. A summary of the tensile yield and tensile ultimate strength re-

sults is contained in table V. The complete results for each specimen (FTU’ FTY’
and E) are listed in table VI. The following observations can be made regarding the
tensile test resuits.

1. The tensile properties for the welds had significant scatter, even for dupli-
cate specimens taken from the same welded plate.

2. Except for the pulse GTA welds, all welds subjected to the normal aging tem-
perature and not re-solution treated after welding had approximateiy the same strength
properties as base-metal specimens.

3. For all welds, the yield and ultimate strengths in an LN2 environment were

10 to 15 percent higher than the room-temperature strengths. (No base-metal results
for the LN2 environment were obtained, but data from reference 2 (listed in table V)

show a similar increase in strength.)

4. The re-solution treatment after welding and the exposure to an aging tempera-

ture 55.5 K (100° F) higher than normal reduced the room-temperature strength prop-
erties of the GTA welds.

Fracture-Toughness Results
The fatigue-crack-growth and fracture data were ar yzed using the stress-

intensity-factor method. The calculations were made usin, the following equation for
the stress-intensity factor at the minor axis of a semielliptical surface-type flaw.

K, = Fo‘/%l M (1)
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where F is a correction factor for the effect of the cracked plate surface (front face)
on the growth of a crack through the thickness, ¢ is applied stress, M is a correc-
tion factor for the effect of crack shape and depth on the growth of a crack through the
thickness, and Q is a flaw-shape correction factor given by the equation

2
Q=9 0.212<F° ) (2)

TY

In equation (2), ® is an elliptic integral of the second kind with the values listed in
table VII.

Equation (1) is basically Irwin's expression (ref. 3) for an elliptical crack em-
bedded in an infinite solid, with correction factors F and M applied to account for
the finite thickness of the specimens. Correction factor F is for the effect of the free
front surface (flawed side) of the plate on growth of the crack through the thickness, It

was determined by using the following equation proposed by Kobayashi and Moss (ref. 4).

1~"=1.0+0.12(1-{‘T,)2 (3)

where b is the crack half-length. The correction factor M is a function of a/t
(where t is the plate thickness) and a/2b and accounts for the effect of the back sur-
face on flaw growth through the thickness. The factor was determined by a linear in-
terpolation between Kobayashi's solution for a/2b = 0 and Smith's solution for

a/2b = 0.5. The use of the Kobayashi and Smith solutions for backface correction fac-
tors is discussed in reference 5. The linear interpolation procedure used for deter-
mining M is shown in figure 12, More recent and less approximate solutions exist
for the correction factor M, such as that of Kobayashi and Moss (ref. 4). Because it
was desired to keep the publication of fracture-toughness values consistent with hose
of previous programs at JSC, these solutions were not used. Also, because most flaws
were not ‘more than approximately halfway through the thickness, the variation in strecs-

intensity-factor values by using more rigorous solutions for M would not have bee)
significant.

To determine the fracture-toughness values from the test data, equation (1) was

written in the following form.

1:af

KIE = FO’c ? M (4)

where the subscript ¢ indicates conditions at failure and the subscript f indicates
final conditions after N cycles. In determining Q for equation (4) (from eq. (2)), the
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values of FTY were the average values listed in table V. These calculations were

made on each specimen tested, and the fracture-toughness results are listed in tables I
to IV and VIII. In table VII, a summary of the average fracture-toughness results for
the base metal and each type of weld and heat treatment is given. In tables II to IV, the
detail data for each specimen tested are listed.

In evaluating the results, significant scatter was found in the fracture-toughness
values of the welded specimens. Comparing results for the same type weld and heat
treatment, the difference between the mean value of K[E and the lowest value of KIE

varied between 7 and 22 percent of the mean value for cases in which four or more
specimens were tested. The similar variation for base metal was 9 percent at room
temperature (15 specimens tested) and 5 percent at LN, temperature (4 specimens

tested). Some other observations pertaining to the fracture-toughness results are as
follows.

1. The average KIE values for weld metal were from 34 to 64 percent of the
average KIE value for the base metal at room temperature and 23 to 57 percent of the

value at LN, temperature.

2
2. The average KIE values for weld metal were less at LN2 temperature than

at room temperature, whereas the base-metal values were higher at LN2 temperature
than at room temperature.

3. The fracture toughness of the GTA welds was higher than the fracture tough-
ness of either EB or plasma-arc welds.

4. For GTA welds having the same normal aging heat treatment, a re-solution
treatment after welding increased the fracture toughness.

5. Exposure after welding to an aging temperature 55.5 K (100° F) higher than
normal reduced the fracture toughness,

Fatigue-Crack-Growth Tests

As mentioned previously, the fatigue-crack-growth tests were performed by first
applying constant-amplitude stress cycles to develop a fatigue-~crack-growth band beyond
an initial surface-fatigue crack and then statically loading the specimens to failure. The
appearances of the fatigue bands and fracture surfaces for the different types of welds
are shown in figure 13. The growth of the fatigue cracks for discrete numbers of fatigue
cycles wa2s determined using the crack dimensions a and 2b measured on the distinc-
tive baads. The results are shown in tables II to IV. The experimental crack-growth
rate -er cycle was then computed, and these results are shown as (af - ai)/N (where

v & subscript i indicates initial conditions before cycling) in the same tables along
with the stress-intensity-factor range for each test.

11
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To determine the stress-intensity-factor range in the fatigue-crack-growth-rate
data analysis, equation (1) was put into the following form.

_ 7 i °f
AK, =F ac Q—T—M (5)
where
ac \ 2
Q=2%-0.212{L-F (6)
TY

In equation (6), Irwin's original expression has been modified to account for cyclic

loading at different values of R. The values of 4'2 and FTY used to calculate Q

are the same as those used for determining K;p from equation (4).

Ar examination of the fatigue-crack-growth data plotted in figures 14 to 20 shows
no significant differences between the growth rates at room temperature and the growth

rates a: LN2 temperature. Other observations with respect to the results are as follows.

1. The crack-growth rate of weld metal was an order of magnitude greater than
the growth rate of base metal.

2. The crack-growth rate of the GTA weld metal was not significantly different
for the three different heat treatments.

3. The crack-growth rates of EB and PAW-GTA welded specimens were approxi-

mately the same. Both of these rates were greater than the growth rate of GTA welded
specimens.,

Correlation of Crack-Growth Data With Analysis

Because fatigue-crack-growth rate is a complicated function of the stress-
intensity-factor range AK plus other secondary effects, to evaluate test results directly
is not easy. The most pertinent results are obtained by first correlating the test data
with a satisfactory fatigue-crack-growth-rate equation. This procedure not only pro-
vides an analytical model for comparing fatigue-crack-growth-rate results but also
gives information on the ability to calculate fatigue-crack-growth behavior accurately.

This ability is imperative for developing an adequate fracture control plan for reusable
pressure vessels or for structures with possible preexisting flaws.

Using the same approach used in reference 1, the fatigue-crack-growth-rate equa-
tion obtained from reference 6 was selected to correlate with the experimental data.
This equation was found to correlate satisfactorily with 2219-T87 aluminum weld and

12
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base-metal data, for growth in the crack depth direction as reported in references 1
and 7. For the analysis of semielliptical surface-type flaws, the equation is expressed
as follows,

c, (AKa)S

aN‘=(1-R)KIE-

g

(7

To determine the empirical constants C and S, equation (7) is rewritten as
follows.

[(1 - R)Kp - AKJ——-— =C, )S (8)

Equation (8) plots as a straight line on log-log coordinates and is referred to as
the linearized form of equation (7). All crack-growth-rate test data from tables II
to IV were plotted in this linearized form, and the results are shown in figures 21 to 24,
A straight line was then drawn through the data points to derive the constants C:11 and

S. The reasonably good agreement between the straight line and the data points confirms
the validity of equation (7).

Values of the empirical constants Ca and S that produced the most accurate
curve fits are listed in table IX. The values of K‘IE used in calculating the data points

in figures 21 to 24 were the specific values listed for each specimen. These values
were used because the correlation when using the average KIE values (listed in

table VIII) was not as good. Also, many points (at higher AK values) could not have
been piotted. This inability occurred when AK(1 - R) exceeded average KIE for
which the abscissa (1 - R)KIE - AK =0,

The good agreement when using the same value of S = 3.7 for both base metal
and all types of weld metal is worth additional comparisons because this agreement did
not occur in the refereace 1 studies on thick aluminum welds. To further evaluate the
empirical constants in equation (8), some additional 0. 28-centimeter (0. 11 inch) thick
Inconel 718 plate data from reference 8 were plotted in the linearized form. The re-
suits are shown in figures 25 and 26 for weld and base metal, respectively. The thin-
plate data show good agreement with equation (8), and the value of § = 3.7 is the same
as that obtained in the thick-plate results. No change is observed for the value of C
for weld metal, but it increased approximately 50 percent for base metal.

To evaluate the accuracy of equation (7) when average values of KIE are used,

a correlation between experimental and theoretical crack-growth rates for a load ratio
of 0.05 is shown in figures 14 to 20, Also, to determine the accuracy for a different
load ratio R, a correlation is shown in figure 27 for an R value of 0.5. Essentially,
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uiese correlations with experimental data, such as in figures 21 to 24, show that a
scatter factor of 4 would be required in crack-growth-rate ‘redictions for Inconel 718,
the same as earlier found for 2219 aluminum.

. o v ee e

Another important correlation is that between the theoretical and experimental
crack-growth rate on the surface of the specimens. The theoretical growth rate is pre-

dicted by the following equation, which is essentially the same as equation (7) for growth
through the thickness.

S
b _ Cb(AKb) o)
dN " (T - RK - 8K,

In equation (9), AKb is the stress-intensity factor at the point where the crack
tip meets the specimen surface and Cb is the empirical constant for growth rate at

that point. The simultaneous use of equations (7) and (9) and the appropriate solutions
for AKa and AKb are discussed in reference 7. The expression for AKb can be

written as follows.

aﬁb

AK, = 1.12 AO(B) % (10)

where a = (::1i + af)/z and b= (bi + bf)/ 2. With the use of equation (10), the stress-

intensity-factor ranges were calculated for the base-metal-specimen results and the
values plotted against the measured db/dN in figure 28. A best fit for equation (9)
is also compared with the experimental results,

T et b MR o Ko s Stk AT

Exzept for two points, the comparison between theoretical and experimental re-
sults is very good. The comparison also shows that the constant Cb has approximately

twice the value of Ca' This same relationship between Ca and Cb was reported pre-
viously for 2219 aluminum data in reference 7. A comparison of Ca with Cb was not
attempted for weld metal in either Inconel 718 or 2219 aluminum because of the exces-
sive scatter in the data.

Application of the proper relationship between growth of a crack at the specimen
surface and growth through the thickness has a significant effect on calculating fatigue ‘
life. For instance, using equations (7) and (9), the predicted number of cycles to frac- ‘
ture would be less when assuming Cb = ZCa than when assuming Cb =C a’ Other

factors also affect the relationship between growth on the surface and growth through
the thickness, and these factors will be discussed in more detail.

14
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One reason for the variation in crack-growth rate along the crack front of a sur-

face flaw is that the elastic constraint at the crack tip varies around the crack perimeter,

The crack-tip material at the specimen surface is usually considered to be in a state of
plane stress, whereas the material at the maximum crack depth is considered to be in
a state of plane strain. The difference in constraint not only affects the values of Ca

and Cb but also the magnitude of the stress-intensity-factor ranges AKa and AKb

given by equations (5) and (10), respectively. The factor Q given by equation (6) enters
into both of these equations and was derived by assuming a plane-strain yield-zone
radius at the crack tip. Essentially, the derivation of Q assumed an effective crack
depth of a + ry where ry is the yield-zone radius given by the equation

2
.1 (K
y _(4 Z)n(FTY) ay

and the resulting equation for Q can be applied both at the specimen surface and at the
maximum crack depth. For the specimen surface, however, a more precise derivation
of effective crack length is to let the length equal b + T where T, is the well-known

plane-stress yield-zone radius given by the equation

2
1 /K
r =e=|o— (12)
X 277(FTY)

By comparing equations (11) and (12), it can be seen that r is 2.83 times larger
than ry. This difference has been observed experimentally in surface-crack yield-

zone measurements and is reported in reference 9. A similar approach to the problem
by assuming the two different stress states has been proposed in reference 10.

By making the plane-stress modification to Irwin's solution, a different equation
for AKb can then be rewritten as

oK, = 11}3 AO(%)‘}_ﬂ(b + rx) (13)

Substituting equation (12) into equation (13), letting K = AKb/ (1 - R), and solving for
AKb gives the plane-stress corrected solution

AK, = 1.12 Ao(%)V%% (14)
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where

2

——————

2 a 2 L-\GR
Q= -0.627(5) F (15)

TY

The preceding equations indicate that the plane-stress yield-zone assumption
changes the value of AKb and, thus, affects the fatigue-crack-growth rate. The dif-

ference in the calculated values of AK.D between use of equations (6) and (15) for the

factor Q is not significant, however, when a/2b is equal to approximately 0.3. For-
tunately, the Inconel 718 results in this report and the 2219 aluminum results in refer-
ence 7 are for values of a/2b equal to approximately 0.3. The conclusion can be made
that letting Cb = 2Ca is adequate because the improved solution for AKb did not af-

fect the correlation with the test results. This conclusion may not be true for either

semicircular or long shallow cracks, however, and to understand this difficulty would
require additional investigation.

CONCLUSIONS

The results of the test program to investigate fracture toughness and crack-growth
behavior in thick welded plates of Inconel 718 can be summarized as follows.

1. The welding of 1.90-centimeter (0.75 inch) thick Inconel 718 is feasible. The
gas tungsten arc process resulted in the least difficulties and the highest fracture-
toughness properties.

2. For gas tungsten arc welds having the same normal aging heat treatment, a
re-solution treatment after welding gave an increase in fracture toughness but did not
significantly affect the tensile ultimate strength or the crack-growth rate.

3. Exposure to an aging temperature 55.5 K (100° F) higher than normal reduced

the fracture-toughness value but did not significantly affect the tensile ultimate strength
or the crack-growth rate.

4. The fatigue-crack-growth rate for weld metal was an order of magnitude :
greater than the growth rate for base metal. }

5. The crack-growth rates of electron-beam-welded specimens and specimens
that were plasma-arc root welded with gas tungsten arc fill passes were approximately

the same. Both these rates were greater than the growth rate of gas tungsten arc
welded specimens.
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6. The fatigue-crack-growth-rate experimental data correlated satisfactorily

with analytical results.

Lyndon B. Johnson Space Center

10.

National Aeronautics and Space Administration
Houston, Texas, February 14, 1974
968-15-11-01-72
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TABLE I.- CHEMICAL ANALYSIS OF

NASA-PURCHASED INCONEL 718%

Element Content, percent
Cobalt 0.34
Iron 19.10
Boron .005
Carbon .05
Sulfur .006
Phosphorus .003
Silicon .06
Manganese .10
Molybdenum 3.14
Copper .01
Chromium 18.00
Aluminum .52
Titanium 1.01
Columbium 5.02
Nickel Balance

JEOPRRE

3used for Phase II specimens; purchased from
Cabot Corporation, Stellite Division (heat no, 2180-0-9195),
to specification AMS-5596 INCO 718.
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TABLE II, - CRACK-GROWTH TEST RESULTS FOR GTA AND PULSE GTA WELDED INCONEL 718 SPECIMENS

(a) 81 units
a, -a
Specimen Test t, w, ao, R N, ,rfq’“ilttgy ‘e g |3y | w2y Tf L, AKIV!- K":;/z
t ,
number {environment| cm em | m2 cycles He MN/mz cm cm cm cm am ‘cycle MN/mJ/Z MN’m
GTXA-1 RT air | 1.88 ] 9.712] -- -- 0 -- 436 -- -- | o.e98]2.20 -- . 58.2
GTXA-2 LN2 171 ) 9.354 -- -- 0 .- 472 .- .- .69812.13 .- -- 81.7
GTXA-3 LN, 80 | 9.418 -- -- 0 -- 553 -- -- .59712.03 -- -- 68.9
GTXA-4 RT ais 1.88 | 9,644 .- .- 0 -- 599 - -~ L5580 11.79 -- -- 70.7
GTXA-5 RT air 1.871 9.792 -- -- 0 -- 691 -- -- LT24(2.11 -- .- 91.2
GTNA-11 RT air 1.26 | 7 630 263 0.05] 5000 2 572 0.586]1.78 ."780 2.0t 3Bt 33.4 1.4
GTNA-13 RT air 1.33 | 7.643 350 .05] 1500 1 848 .65312.04 .813(2.35 1067 48.0 95.8
GTNA-14 RT air 1.37{ 7.640 170 .05 15000 2 722 .58412.07 L6873 (2.13 51 21.¢8 97.5
GTNA-15 RT air 1.33 | 7.633 418 05 200 .5 o .62211,9% .6582.02 1780 53.4 107.5
GTNA-16 RT air 1.51 ] 7 640 439 .05 50 5 .63011.36 .868|1.88 3 560 54.4 84.0
GTNA-17 RT air 1.28 | 7.643 562 .05 100 .5 N 640 [ 1.95 18T |2.60F 1270 EN] a7.8
GTNA-18 LNz 1.34] 7.640 247 05 5 000 2 B ’ 610 |1.87 6731 95 1.7 30.9 85 0 ~
GTNA-19 LN, 1.41 1 7.635 330 .05 1500 1 5 . . 83]1.88 .851)1.99 1120 4214 70.5
GTNA-110 LN, 1.44 | 7.343 384 05 400 .5 550 .676(1.93 .856 {2 00 4 520 49.7 73.0
GTNA-111 LN2 1.49 1 7,638 483 .05 100 .5 807 .653(1.82 .67C{1.84 2 540 59.3 101 4
t

GTNA-31 LNz 1.49 | 7.828| 559 .05 39 .5 b589 493 | (c¢) .54611.91 | 131700 66 8 71 4
GTNA-34 LN, 1.62 ] 7.835| 51 .05 50 .5 592 .589 12,10 .739|2.37 ] 30 000 87.8 82.5
GTNA-35 RT air 1.47 7.625] 564 .05 50 .5 673 .4985)1.81 .5%11.86 { 11200 66 9 81.¢9
GTNA-36 R™ air 1.40 | 7.628| 473 .08 150 .5 664 .5101.85 .546(1.93 2 3e0 56.8 81.9
GTNA-37 RT uir 1.46 | 7.633 204 .05] 11277 .5 717 .528|1.78 .610(1.95 76 24.5 91.0
GTNB-24 RT air 1.66 1 7.633] 267 .05 5000 2 667 .56111.87 L850 1.8 180 32.% 83.8
GTNB-25 RT air 1.67 1 7.635; 365 .05] 1000 1 804 .526[1.86 .62, (1,93 940 40 102.2
GTNB-26 LN2 1.68 1 7.635 283 .05] 5000 2 676 .60211.76 .640 1.8 76 33 82.4
GTNB-217 RT air 1.66 | 7,633 ! 166 .05 | 15 000 2 945 .5871.81 .83011.85 25 19 8 120.0
GTNB-28 LN2 1.67 | 7.64) 365 .05 1 000 1 914 .52511.7% 551011 254 42.2 100.0
GTNB-29 RT ait 1.63 | 7.632 543 .05 100 .8 978 41T{L.TT .52311.80| 4570 2.9 109.5
GTNB-210 LN2 1.67 | 7.640| 531 .08 100 .5 786 L4983 1.83 .554(1.85 6 100 62.3 86 6
GTNB-211| RT air 1611 7.635( 411 .05 200 .5 875 .81211.82 .68511.86 3 680 50 2 7.2
GTNC-22 RT air 1.70 | 7.638| 261 .05] 5000 2 607 .526|1.90 .6402.07 229 3te 71.2
GTNC-23 RT air 1.70 | 7.638 380 .05} 1000 1 781 .480 | 1.74 .53611.80 550 41.2 85.4
GTNC-32 LN2 1.50 | 7.635| 258 .05 5000 2 643 .470]1.73 .508 |1.77 78 29.2 68.2
GTNC-38 RT air 1.51 | 7.628 161 .05 15 000 2 836 546 [1.77 L57711.79 25 18 8 9.9
GTNC-39 LNz 1.55 | 7.640 2393 .08] 1000 1 466 .559 | 1.86 .94212.03 383 $0.1 56.1
GTNC-310( RT air 1.43 ] 7.630) 542 .08 100 ) 603 .53811.81 .625]1.92 8 640 66.4 9.4
GTYA-2 RT air 1.621 7.630| 213 05| 5000 B 814 493 (1.7 .699 (2,13 408 3.4 T4.3
GTYA-3 RT air 1.68 | 7.630| 2363 .05 1000 1 776 .51311.79 .589 (1.93 760 43.1 88.6
GTYA-4 LN2 1.70 | 7.628| 261 .05} 5000 2 508 .54111.80 .708 |2.01 330 1.6 $9.2
GTYA-6 LN2 1.78 | 7.643| 341 .08} 1000 1 728 513 |1 .54111.84 280 0.5 9.0
GTYA-7 RT air 1.73 | 7.645) 510 .05 k1] .8 byyq .508]1.76 .523 (119 4 03C 59.0 §7.1
GTYA-8 l.Nz 1.69 | 7.648| 42% .08 200 .5 715 .52111.78 .54311.86 1140 9.8 78.2
GTYA-10 RT wr 1.83 | 7.635] 441 .05 200 .5 583 .871]1.90 L7186 12,09 7240 §5.¢ 66. 4

3RT « room temperature
b&)eclmen failed during fatigue loading
“Dafficult to distingvish between initial and final flaw size.



TABLE II. - CRACK-GROWTH TEST RESUL'TS FCR GTA AND PULSE GTA WELDED INCONEL 718 SPECIMENS - Concluded

(b) U.S. customary units

o a -a ]
Specimen Test t, w, ao, R ", ’wcq{l?;;y e’ U L T O R T LTTJ . Axavg. ! K
number lenvironment | in. in. ksi cycles cps ksi in, in in. in utn/cycle “‘4‘-; km\fﬁ-.
GTXA-1 RT air | 0.740( 3.824 -- .- 0 -- 63.3 -- -- 10.275 |0.900 -- -- 33.0
GTXA-2 LN, .875] 3.683 .- -- 0 -- 68.4 - -- L2175 | L840 - .. 56.1
GTXA-3 L.N2 .710] 3.707 - -- 0 - 80.2 -- -- ,23% 1 . 800 -- - 62,7
GTXA-4 RT air .739(3.797 -- -- 0 -- 86.9 -- -- L2290 0% -- 64. 4
GTXA-S RT air 73573 158 .- - 0 -~ 100.2 -- .- L2853 | .830 .- - 83.0
GTNA-11 RT air 49813.004 | 38.1 515000 2 82.9 0.231|0.700 .307 | .790 15 30.4 70 5
GTNA-13 RT air .52313.009 | %50.7 .08 1 500 1 94.0 .257| .803{ .320] .925 42 4.7 87.2
GTNA-14 RT air .53913.008 | 24.8 .05 15000 2 104.8 L230 | .814] .265 1 837 2 19.9 88.8
GTNA-1% RT air .52513.005 | 60.2 .05 200 .5 117.3 L2485 784 239 .T97 70 48.5 97.9
GTNA-1¢ RT air .595)3.008 § 3.7 .08 80 .8 9€.7 L2568 | . T32| .203 ] .741 140 49.5 76.4
GTNA-17 RT air .505}3.009 | 81.5 .08 100 .5 94.1 L2852 766 .302 | .788 500 67 2 1.8
GTNA-18 LN, .52813.008 | 35.9 .08 5000 2 106,23 .240 .738) .265 1 .768 5 28.1 86.5
GTNA-19 LN, .5581%.006 | 47.8 .05 1 500 5 71 S L7401 335 ) 783 “ 38.8 64.2
GTNA-110 LNz .56713.009 | $5.7 ) 400 .5 i L2668 .760] .537| .78 178 45.2 66. 4
GTNA-111 LNz .587]3.007 | 70.0 .38 100 .5 117.0 L2571 .18 287§ T8 100 54 0 92.3
GTNA-31 LN, ,$3313.003 | 81.1 .05 3 .5 bcs 4 .194 | (c) L2185 .15 538 60.8 85.0
GTNA-34 LN, .839 13,008 | 74.2 .05 50 .5 8%.9 L2321} .829 ( .291] .932| 1180 61.7 15.0
GTNA-38 RT ajr .88u(3.002 | 81.8 .05 50 .5 ).8 R UL IS t40 I 3 kI B R 440 60.9 .5
GTNA- 36 RT air .55313.003 | 68.€ .08 180 5 96.3 L2011 .730| .215 | .760 [}] $1.7 74.6
GTNA-37 RT atr .876(3.005 | 20.6 .08 1127 .5 104.0 .208] .702| .240 .770 3 22.3 82.8
GTNB-24 RT air .653]11.005 | 38.7 .05 $ 000 2 96.8 L2211 (T38| L2561 (746 7 0.4 76.2
GTNB-25 RT air .656]|3.0086 | $53.0 .05 1 000 1 116.¢ L2071 LT3 .244 | 760 n 40.1 9
GTNB-28 l.N2 ,861)|3.0086} 3i 2 .05 5000 2 98.1 L237| 604 .2%2 ] .11} 3 28.% 5.9
GTNB-27 RT air .655[3.005 ] 24.1 .05 15000 2 137.1 231 | .3 L] 127 1 18.1 109.2
GTNB-28 LNz .65713.008 | 52.9 .05 1 000 1 132.6 .207 | .e88| .217 | .697 10 38.4 100.0
GTNB-29 RT air .64313.008 [ 78.7 .08 100 ) 141.8 .188 ] ,808| .208; .T10 180 $7.3 109.5
GTNB-21( l..N2 .6563.008 | 77.0 .05 100 .5 114.0 .194 ] .T20) .Z18] .728 240 56.7 6.8
GTNB-211 RT air .63613.006 | 59.¢ .08 200 .5 97.9 L4 .M} L0 10 145 45.6 177.2
GTNC-22 RT air .88713.007 | 37.8 .05 5000 2 88.0 L2071 .T40 ] .252 ) .81S 9 0.0 7.2
GTNC -23 RT air .66613.007 | 52.2 .08 1 000 1 13 L1891 (688} .211) .708 22 7.5 85.4
GTNC-32 l.hl2 .50213.008 1 37.4 .05 5000 2 93.3 L1851 .681] .200| .895 3 26.8 68.2
GTNC-38 RT air L5096 (2.003 | 23.3 .05 15 000 2 92.2 L218 | .6981 227} .708 1 17.1 9.9
GTNC-39 l..Nz .610(3.008 | $7.0 .05 1 000 1 87.6 L2201 7321 .M 98 131 4.5 56.1
GTNC-310| RT air .563[(3.004 ¢ 78.6 .05 100 .5 87.5 L2121 .713) L2481 (758 340 60.4 69.4
GTYA-2 RT air A39[3.004 | 39.6 L0857 S0w 2 8.1 194 (098] .20y (837 18 ‘0.4 74.3
GTYA-3 RT air .680]3.004 | 52.7 .08 1 000 1 12.% L202 | .704 | .232 | .159 30 8 8s.¢
GTYA-4 l.N2 .669 3,003 | 3.8 051 5000 2 73.17 213 009} 278 | 790 13 28. 88.2
GTYA-6 N, LT02( 3,000 | 49.5 .08 1 000 1 105.6 .202 ] .697| .213| 122 1 8.7 1.0
GTYA-? RT air .68213.010| 4.0 .08 3 5 b‘7‘7.9 L2001 .692) .206 | .T04 158 3.1 81,1
GTYA-$ l.Nz L6668 (3,011 | 61.68 .08 200 .5 103.7 L205] 700 .214( .733 L] 45.2 0.2
GTYA-10 RT air .64313.008 | 83.9 .08 200 .8 80,2 L225 | 749 | 282 | (825 285 50.8 86. 4

ART « room temperatuze.
bbeclmeu falled®during fatigue loading.
“Difficult to distinguish between tritiz! and final flaw size.
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TABLE III. - CRACK-GROWTH TEST RESULTS FOR EB AND PAW-GTA WELDED INCONEL 718 SPECIMENS

(a) SIumts
| l S I
Specimen Test ', w, ao, N, Cyclic Tor a, 2bi’ ag Zb‘, N _1‘ AKavg.’ KIE’
number | environment | cm cm | MN ’mz R cycles frequency, 2 cm | cm em | em N 32 . 372
' Hz MN m nm ‘cycle | MN ‘'m MN/ m
EBXA-1 RT" ais 1.68| 8.880 ) 283 0.05 334 2 ba98 0.79512.04 | 1,24 | 2,72 13500 40.7 46.8
EBXA-2 RT ajr 1.69} 8.877 -- -~ 0 -- 341 .- -~ L7921 2.08 -- -~ 44.8
EBXA-3 LN2 1.77] 8.885 .- -- 0 .- 333 -- -- .836) 2 02 -- -~ 43.0
EBXA-4 LN2 1.58| 8.882 181 .05F 4000 2 254 85| 1 91 L9221 2.11 330 23 34.2
EBXA-5 RT air 1,75 |10.17 143 .05 30 000 2 476 .64211.85 .8567 1,93 76 17.7 60 6
EBXA-6 PT air 1.91110.16 218 .05] 5000 1 492 .643} 1,81 .818) 1.88 356 26 5 61.5
EBNA-2 RT air 1.65) 8.339 123 .05| 17 000 2 501 L7951 1.92 .904| 2.08 64 15.9 67.0
EBNA-3 RT air 1.751 8.351 231 .05| 3885 1 609 L1700 1.91 .914} 2.06 381 28.6 80.8
EBNA-4 LNZ 1.64| 8.227 125 .05] 15 000 2 445 L1421 1.86 .797] 1.93 36 15.7 56.5
EBNA-5 LNz 1.75} 8.230 235 .05 3000 1 458 L1571 2.G0 .9247 2.07 559 30.6 60.6
EBNA-6 RT air 1,69 | 8,169 366 .05 575 .5 498 .67611.83 | 1.09 j2.32 7 160 48.5 71.0
EBNA-7 RT air 1.76 | B.171 294 .05 784 .5 611 L7011 1.79 .825)1.85 1570 35.9 76.3
EBNA-2 RT air 1.78) 8.174 407 .05 mn .5 576 .69311.85 .137] 1.89 6170 50.2 72 ?
EBNA-9 LN2 1.73| 8.184 ! 298 .05 500 5 502 L7701 1.%4 .8641 1.99 1 880 38.0 64.
PAXA-1 RT air 1,84 {10.05 183 .05 9900 2 401 683)1.79 .823(2.19 150 23.2 54.0
FAXA-2 RT air 1.81}10.17 280 L0501 2000 1 439 .549(1.86 .729]2.22 890 32.4 58.3
PAXA-3 LN, 1.87[10.17 178 L0571 9000 2 386 .812( 1.88 L7191 2.18 130 22.3 50.7
PAXA-4 RT air 1.8310.16 136 .051 16 500 2 509 L5771 1.82 .635)1.90 25 16.3 52,5
XA-5 l.N2 1.86 |10.17 287 05| 1000 1 453 .572) 1.82 .630] 1.87 584 31.8 54.8
iPAXA-G RT air 1.94(10.18 214 .08 2270 1 490 .54611.82 .637( 1.94 406 25.5 60.5
2RT = room temperature.
bSpecimen failed during fatigue toading.
{b) U.S. customary units
. a -2
Specimen Test t, w, ao, R N, (re?;xce:‘c‘y Te? 3 2“1‘ A Zb('T _I_N_E ) AKavg. ' KIE'
,
number | environment| 1n. in. ksi cycies cps ksi in. in. in, in. uin/cycle kalm ksl\ft_n-.
EBXA-1 RT  air [0.6625/3.495| 41.0 |0.05 334 2 by3.2 0.3130.803| 0.490 |1.070] 530 37,1 42.6
EBXA-2 RT air . 8655} 3,495 -- -~ 0 -- 49.4 -- -~ .312] .819 - -- 40.7
EBXA-3 LN, .8985] 3,498 -- -~ 0 -- 48.3 -- -- .329 | .794 -~ -- 39,2
EBXA-4 L, .6210( 3.497| 26.2 .05] 4000 2 36.8 .309 | .751] .363] .833 13 21.4 .t
EBXA-5 RT air .688 | 4.004| 20.7 .05] 30 000 2 69.0 L2531 .28 .337} .762 3 16.1 55.2
EBXA-6 RT air .752 | 4.002 31.6 05| 5000 1 1.4 .253 ] .709f .322| 742 14 24.1 55.9
EBNA-2 RT air .649 |3.283 17.8 05| 17 000 2 2.7 L313| .756] .356| .818 2.5 14.4 61.0
EBNA-3 RT air .689 13,288 | 33.5 .05 3885 1 88.3 .303) .750] .360)] .810 15 26.9 73.6
EBNA-4 LN, .646 13,239 18.2 .05} 15 000 2 84.5 L2921 .734| .314| .7 1.4 14.3 51 4
EBNA-$§ LN2 .688 [3.240) 34.1 .05] 3000 1 66.4 .298 | .788] .364f .B17| 22 27.8 §5.1
EBNA-6 RT air .667 13,216 53.1 .0 575 .5 72.3 L2686 | .722f .428] .913) 282 44.1 64.8
EBNA-7 RT air .892 | 3.217 2.7 .06 784 .5 88.7 L2768 | .7047 .325) .727| 62 32.7 69.4
EBNA-8 RT air 700 |3.218] $9.0 .05 70 .5 83.5 L273| L1271 200 .745] 243 45.7 65.7
EBNA-9 LN, .682 13,222 43.2 .05 500 .8 72.8 .3031 .766| .34n] .783| 74 34.6 §9.0
PAXA-1 RT air L7256 | 3.956] 26.% .05| 9000 2 68,2 .269 .706] .324 | .863 8 21.1 49.1
PAXA-2 RT air L7154 14,005{ 7.7 .05] 2000 1 83.8 L2164 .731] .287( .875] 35 29.% §3.0
PAXA-3 LN2 L735 14,005 25.° .05] 9000 2 56.0 Lo41) .7142| .283 | .880 H) 20.3 46.1
PAXA-4 RT air .720 | 4.001 19.8 .05 18 500 2 73.8 L2271 .m8f .250 | .47 1 14.8 56.9
PAXA-S LN, .733 | 4.005| 138.8 .081 1000 1 65.7 L2251 .T18) .248 | .735| 23 29.0 9.9
PAXA-8 RT air .764 14,006 31.0 .051 2210 1 1.1 L2185 .m85] (251} 763 18 23.2 55.0

“RT = room temperature.
b.‘.’q)ecimen failed during fau = loading.
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TAoLE IV. - CRACK-GROWTH TEST RESULTS FOR INCONEL 718 BASE-METAL SPECIMENS

(a) Sl units
a -a
Specimen Test t, w, as, N, Cyclic 9er a, | 2, a, | 20, —N—' 1 A“avg. ’ K
number | environment|{ cm cm MN/m2 R cycles frequency, 2! em em | em cm ! 3/2 3/2
Hz MN/m nm/cycle| MN/m MN/m
BANA-1 RT*air |1.86 | 8.562 265 | 0.05( 10 000 2 1210 | 0.488 |1.796/0.493 | 1.796 5 30.0 148.6
BANA-2 RT air 1.85 | 8.560 444 .01] 10 000 2 1260 .508 |1.819| 826 |2.103 318 55.4 176.6
BANA-3 RT .ir 1.85 | v.517 536 .05 4500 1 1300 .472 11,780 .T11 (1.986 533 64.8 175.5
BANA-4 RT air 1.85 | 8.537 802 .08 318 1 1340 .541 (1.760] .594 | 1.811 1676 95.7 171.8
BANA-11 RT air 1.87 | 8.009 452 .05] 5000 1 1300 .356 [1.758] .394 | 1.783 78 47.8 153.2
BANA-12 RT air 1.89 | 8.412 318 .05} 20 000 1 1310 .381 [1.786] .400 [ 1.793 13 33.8 152.3
BANA-13 RT air 1.88 | 8.679 986 .05 666 .5 1280 .330 (1.770| .508 | 1.890 2870 113.1 162.4
BANA-14 RT air 1.86 | 8.738 | 1040 .05 203 .5 1280 .378 [1.783) .409 | 1.785 1 500 117.3 152
BANA-13 | RTair 1.84 | 8.694| 900 .05 300 .5 1320 .307 (1.763] .350 {1.780] 1450 94.7 152.7
BANA-16 l..N2 1.86 | 8.687 887 .05 400 .5 1390 .434 11.773] .478 {1.798 1 070 101. 4 169.5
BANA-17 LN2 1.89 | 9.101 980 .05 150 .5 1390 .424 |1.808) .467 [ 1.834 2 870 112.8 156. 4
BANA-18 RT air 1.88 | 8.948 -- - 0 -- 1300 - -- .36% 11.775 - -- 150.9
BANA-19 | RT air 1,89 | 8.860 | 1010 .05 100 .5 1290 .429 [1.798] 475 {1.834] 4570 117.8 159.8
BANA-20 RT air 1.88 | 8.943 527 .50| 2000 .5 1220 .401 {1.780| .650 | 2.024 1240 61.8 162 5
BANA-21 RT air 1.91 | 9.014f 1130 .05 40 .5 1260 .495 11.760| .556 |1.801] 15200 136.7 158.5
BANA-24 RT air 1.86 | 9.528 810 .05 500 .5 1130 .B810 12,050(|1.003 }2.311 3 860 111.3 165.3
BANA-25 LN2 1.89 | 9.746 78 .05 500 .8 1340 .454 12.009| .503 |2.042 965 92.5 171.3
BANA-26 RT air 1.89 | 9.568 368 .50{ 3001 1 1120 .564 |12.050] .729 |2.230 560 46.8 157.4
BANA-27 LN, 1.88 | 9.563 517 .05| 2 000 1 1230 .823 |1.986] .935 [2.131 560 67.8 173.5
3RT = room temperature.
{b) U.S. customary units
a -a
Specimen Test t, w, Ao, N, Cyclic O 2 2bi’ A Zbl’ —Tf i , AKnvg. ' KIE'
number | environment | in in ks R cycles frequency, ks1 in in in in
! : Y cps ! : ’ * juin’eycie| ksiyin. ksi\in.
BANA-1 RT® air 0.73413 371 38.4 | 0.05; 10 000 2 176 0 19210.707; 0 194  0.707 0.2 27.3 135.7
BANA-2 RT air L1304 3.370 64,4 .01{ 10 000 2 183 L2001 .7161 ,328! .828 12,5 50.4 160.7
BANA-3 RT air .28 3.353 77.8 .05( 4500 1 188 .186 | .T01f .280: .782 21 59.0 159.7
BANA-4 RT air .72013.361 | 118.3 .05 318 1 194 L213 | 603 .234) .73 86 87.1 156.3
BANA-11 RT air .73813.153 85.5 .05} 5000 1 188 .140 | 692 .155] .702 3 43.5 139.4
BANA-12 RT air .745] 3.312 46.2 .05 | 20 000 1 190 L150 | L7031 .161; .706 .5 30.8 138.6
.| BANA-13 RT air .741] 3.417 | 143.0 .05 666 & 186 L1300 (697 .200! .744| 105 103.0 147.8
BANA-14 RT air .733] 3,440 | 150.7 .05 203 .5 186 L1489 ¢ ,702), .161; .707 59 106.8 139.1
BANA-15 RT air ,723) 3.423 | 130.5 ' .05 300 .5 192 L1211 .694| .138} .701 57 86,2 138.9
BANA-16 l.N2 .734( 3.420 | 128.7 05 400 .5 20 L1711 .698( .188; .708 42 92.3 154.2
BANA-17 l.N2 .T46| 3.583 | 142.2 .05 150 .5 202 L1671 .T12) 184 (722 113 102.7 142. 4
BANA-18 RT air .742§ 3.522 .- .- 0 .- 189 -- -- L1431 899 .- .- 137.3
BANA-19 RT air .745] 3.488 | 146.2 .05 100 5 187 .169 [ .708| .187] .722; 180 107.2 145. 4
BANA-20 RT air .T42] 3.521 76.5 .50 | 2000 .5 111 L1858 701 .256( .797 49 56.2 148.8
BANA-21 RT air .T752) 3.540 | 163.7 .05 40 .5 183 L195| .693] .219| .700] 600 124.4 144,2
BANA-24 RT air .733] 3,751 1115 .05 500 .5 164 .319 ] .807| .395| .910 152 101.3 150. 4
BANA-25 LN2 .746| 3.837 ] 112.8 .05 500 .5 194 L1790 791 198 | 804 38 84.2 155.9
BANA-2¢ RT air .745] 3,767 $3.4 .50 3001 1 163 .222 .807| .287| .88 22 4.0 143.2
BANA-27 LN2 .740| 3.765 75.0 L05] 2000 1 179 .324) 782 .368| .839 22 817 157.9

2RT = room temperature.
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TABLE V. - SUMMARY OF AVERAGE TEST RESULTS FOR F‘!‘Y AND FTU

F. TY average

F average

. No Postweld Tu
s::cn::leern m: :: of c:ﬁ:_:‘:&r B:;:E::,ﬂ tr :::: ent Ambient air LN, Ambient ajr LN,
prefix metal specimens (@)
MN/m? | ket | MN/m? | ot | MN/m? | ket | MN/m? | kst

XA |ora 2 x Contractor X A® 158 | 168 | - -] s | 6] - -
GNA GTA 5 X NASA A 1117 162 1234 179 1365 198 1517 220
GNB GTA 3 X NASA B 1027 149 1220 177 1289 187 1531 222
GNC GTA 3 X NASA o 1041 151 1227 178 1289 187 153t 222
GYA GTA 4 Y NASA A 1041 151 1207 175 1220 177 1565 227
EXA EB ] X Contractor X A 1103 180 1330 193 1379 200 1544 224
ENA EB 2 X NASA A 1mo 161 -- -- 1482 215 -- -
PXA PAW-GTA 4 X Contractor X Ab 1096 159 1393 202 134 198 1551 215
BNA  |Base metal] 2 == fnasa 1A | omme Tao] Ciso [ie0| 1408 | 204] 1724 250

AThe heat-treatment prefix symbols are defined in the section entitled '"Machining an* Heat Treatment. "

bSpecimenl heat treated by NASA at JSC. All other specin :ns heat treated by contractor Y.

©No test results, Value obtained from reference 2
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TABLE VI. - TENSILE TEST RESULTS FOR WELDED AND BASE-METAL INCONEL 718 SPECIMENS

Specimen Test Specimen thickness| Specimen width Modulus, E FTY U

number environment -

cm in. cm in. MN/m2 ksi MI‘.,/m2 ksi MN»’r\n2 t ksi
GXA-1 RT? air 1.621 0.6383 }1.585 | 0.6239 | 236 x 103 34,3 - 103 1220 177 1400 203
GXA-2 RT air 1.688 L6647 |1.33 .5240 | 230 33.3 1103 160 1203 189
GNA-11 RT air 1.586 . 6244 . 7470 .2941 197 28.5 1082 157 135 196
GNA-12 RT air 1.580 . 6260 .7645 .3010 | 227 33.¢0 1186 172 13¢ 198
GNA-24 RT air 1.728 . 6804 . 5695 L2242 | 205 29.8 1089 158 1379 200
GNA-13 LN2 1.587 .6250 .75261 .2963 (b) (b) (b) (b) 1413 205
GNA-32 LN2 1.686 .6638 .5458| .2149 223 32.3 1234 179 1613 234
GNB-21 RT air 1.699 .6688 L5187 .2042 211 30.6 1089 158 1317 191
GNB-22 RT air 1.729 .6810 .54251 2136 218 31.6 965 140 1262 183
GNB-23 LN2 1.705 L6711 .5804| .2285 254 36.9 1220 177 15%) 222
GNC-31 RT air 1.663 . 6549 .56187 .2212 208 30.1 1020 148 1310 190
GNC-32 RT air 1.671 . 6580 .5514] .21m 207 29.1 1062 154 1275 185
GNC-33 LNz 1.660 .6535 .5263| .2072 231 33.5 1227 178 1531 222
GYA-3 RT air 1.712 L6742 .5547] .2184 221 32.1 1055 153 1393 202
GYA-4 RT air 1,715 . 6753 .5629] .2216 224 32.5 1027 149 1048 152
GYA-1 LN2 1.710 .6732 .5395] .2124 270 39.1 1165 169 1641 238
GYA-2 LN2 1,709 .6730 .5423| .2135 214 3.1 1248 181 1489 216
PXA-1 RT air 1.860 .7323 .55681 .2192 239 34.6 1096 159 1351 196
PXaA-2 RT air 1.843 . 7255 .5458) 2149 221 32,1 1089 158 1338 194
PXA-3 I..N2 1.856 . 7308 .5314] 2092 239 34,7 1407 204 1600 232
PXA-4 LN2 1,861 L7327 L4755 .1872 201 29.2 1379 200 1503 218
EXA-1 RT air 1,871 . 7385 L9771 2272 223 32.3 1103 160 1386 201
EXA-2 RT air 1.873 L7373 .5430) .2138 218 31.7 1117 162 1358 197
EXA-3 RT air 1.872 .1370 .4981| .1961 208 30.2 1089 158 1386 201
EXA-4 LN2 1.873 . 7375 .5463| 2151 (b) (b) (b) (b) 1641 238
EXA-5 LNz 1,873 L1374 .5088! 2003 (b) (b) (b) (b} 1531 222
EXA-6 LN2 1.877 . 7390 .5375| .2118 214 31.0 1330 193 1455 211
ENA-1 RT air 1.763 . 6940 96271 3790 203 20.4 1103 1680 1600 232
ENA-2 RT air 1.710 . 6970 .9627 3790 207 30.0 1124 163 1365 198
BNA-4 RT air 1.847 . 7270 L9710} .3823 223 32.4 1165 169 1413 205
BNA-5 RT air 1.848 .7276 .9627| .3790 209 30.3 1172 170 1400 203

3RT = room temperature,

bStx'am gage slipped.
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TABLE VII.- VALUES OF & AS A

FUNCTION OF a/b

a/b o2

0. 00000 1. 000000
. 22361 1. 124605
. 31622 1.220527
. 38729 1.307354
. 44721 1.388838
. 50000 1. 466656
. 54772 1.541746
. 59161 1.614772
. 63245 1.685915
. 87082 1.755688
70710 1.824239
. 74162 1.891730
. 177459 1.958297
. 80622 2.024049
. 83666 2. 089074
. 86602 2.153444
. 89443 2.217225
.92195 2.280468
.94868 2.343220
.97468 2. 405517

1. 00000 2.467400
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TABLE VII. - SUMMARY OF AVERAGE TEST RESULTS FOR K."_:

Average results for KIE
Postweld
Type of Specimen
Welding | Base-melal heat
Wl:le(:;:l‘ n:::;)&r contractor{ source treatment Ambient air LNZ
(a)
/
MN/m®’2 | kst Vim | MN/m3 2 kst T
GTA GTXA X |contractor X A® 74 67 65 50
GTA GTNA X NASA A 89 81 82 75
GTA GTNB X NASA B 102 93 96 87
GTA GTNC X NASA C 81 74 68 62
GTA GTYA Y NASA A 9 72 79 72
EB EBXA X Contractor X A 54 49 38 35
EB EBNA X NASA A 74 67 60 55
PAW-GTA PAXA X Contractor X Ab 58 53 53 48
Base metal BANA - NASA A 160 146 168 153

“The heat-treatment prefix symbols are defined in the section entitled '"Machining and Heat Treatment, "
bSpecxmens heat treated by NASA at JSC. All other specimens heat treated by contractor Y.

TABLE IX.- VALUE OF CONSTANTS IN EQUATION (7)

KIE Ca
Type of weld or metal Environment s N/ 3/2 nm/cycle uin/cycle in/cycie
m ksi fin. 31 51 51
(W[N/ms/2 (ksiyfin.) (psiyin.)
GTA, heat treatment A | RT®air | 3.7 89 81 0.000157 0.00113 0.9 x 107"
GTA, heat treatment A LN2 3.7 82 75 .000157 .00113 .9
GTA, heat treatment B R1T air 3.7 102 93 . 000157 .00113 .9
GTA, heat treatment B LN2 3.7 96 87 . 000157 . 00113 .9
GTA, heat treatment C RT air 3.1 81 74 . 000157 . 00113 .9
GTA, heat treatment C LN2 3.1 68 62 . 000157 .00113 .9
Pulgse GTA RT air 3.1 79 72 . 000157 . 00113 .9
Puise GTA LNz 3.7 79 72 . 000157 .00113 .9
EB RT air 3.7 74 67 . 000471 . 00339 2.7
EB LN, 3.7 60 55 . 000471 .0C339 2.7
PAW-GTA RT air 3.7 58 53 . 000314 . 00226 1.8
PAW-GTA LN, 3.7 53 48 . 000314 . 00226 1.8
Base metal RT air 3.7 160 146 . 000026 . 00018 .15
Base metal LN, 3.7 168 153 . 000026 . 00018 .15

26

3RT = room temperature.
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JOINT CONF{GURATION

1.905 ¢cm (0.750.1n.)

(stock)

!

Welding equipment:

0.635cm (0.25:n.} rad
4
%Qg L
0.157 ¢cm {0,062 in.)

&

WELD PARAMETERS

Linde semiautomatic welder with 200-A power
supply, straight polanty

Process. GTA
. Fifler materiat: inconet 718 wire, 0 102 cm (0.040 in.) diam
: Shielding gas: Argon
i tiectrode: 2 percent thoriated tungsten, 0.397 cm (0 156.1n.)
: tham
' Cleaning: Wire brush and degrease with methylethylketone
before each pass
weld|weld |potential, [Current,, T Wire feed
pass | side v A cm/min ] inimin | emimin | in/min
1|1 12 80 20 8 53.31 2
21 2 12 %0 20 8 53.3( 21
3) 1 R 150 20 8 63.5| 25
41 2 12 180 20 8 63.5| 25
St 1 12 180 20 8 10 L]
6| 2 12 180 20 8 1 L]
71 12 180 20 8 02 40
8l 2 12 180 20 8 147 58
9 1 12 180 20 8 147 58
0] 2 12 180 20 8 147 58
1ni1 12 180 20 8 147 58
Ry 2 1R 180 20 8 147 58
13 1 12 180 20 8 47 58
4! 2 12 180 20 8 147 58
151 1 12 160 20 8 102 40
10| 2 12 160 20 8 (14 40
71 12 140 20 8 102 40
18 2 12 140 20 8 10 40
| CH IS 12 140 20 8 14 40
20( 2 12 140 20 8 102 40

Figure 1, - Joint configuration and weld
parameters for GTA welds (GTXA-
numbered fracture specimens).

k- QL

JOINT CONFIGURATION

| 317 em (0.125 in.) rad,

1.905 ¢cm (0750 in.)
(stock)

..r_ \l\/ 0.157 ¢m (0,062 in,)

15

WELD PARAMETERS

Weiding equipment: Linde semiautomatic welder with 300-A power
supply, straight polarity

Process: GTA

Filler material: inconel 718 wire, 0 102 cm (0.080 in.) diam

Shielding gas: Argon

Electrode: 2 percent thoriated tungsten, 0.397 cm (0.156 in.) diam
Cleaning: Rotary grind and degrease with methylethylketone before
each pass
Weld | Weid | Potential, [ Current, Travel Wire teed
pass| side [V A cmimin iimin | emlerind inimin
1 1 11 130 20 8 33| 21
24 2 1 160 20 8 5331 21
311 1 160 20 8 12 48
44 2 11 160 20 8 12 48
5 1 n 160 20 , 8 122 48
6] 2 n 180 0 8 122 48
7 1 1 18 0 8 12 48
8| 2 1 190 20 . 8 12 48
91 1 1 190 0 8 12 ]
10] 2 1 190 20 8 12 48
1l 1 1 170 2 8 12 [
12 2 1 170 20 8 12 48
131 0 180 20 8 | & 58
M 2 1 180 0 ' 8 4 58
15 1 1 160 20 ' 8 5331 21
16 2 11 160 20 : 8 3.3 2

Figuie 2. - Juint configuration and weld
parameters for GTA welds (GTNA-,
GTNB-, and GTNC-numbered
fracture specimens).
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JOINT CONFIGURATION

1.905 ¢m (0.7501n.) —-—
tstock) 63 063 in.)
— 0.163 cm {U.063 in,
i Se |

WELD PARAMETERS
Welding equipment  Dimetrics Hi-Puise 400

A

1.905 ¢cm (0.750 1n.)

{stock)

JOUNT CONFLGURATION

vMalled abutting surfaces

REp—

_m__%,

h

‘Welding equipment

WELD PARAMETERS

Sciaky electron-beam welder with 500-mA beam

current at 60 000 V maximum accelerating

et e TECMGRG

e -

Process: Pulse GTA

Filler material. I nconel 718 wire, 0.076 cm (0.030 n. } diam potential

Shieling gas. Argon Process: £B

Electrode- 2 percent thoristed tungsten, 0 317 cm (0.125 in.) diam Shielding: Vacuum chamber

Clearing: Wire brush and degrease with methylethytketone before Cleaning: Degrease with methylethylketone and subsequent

each pass pickle

Weld| Weld [ Potential | Current,|  Wir®®&%¢  erioncy Travel Weid | Potential, | Current, Travel Weld width, cm tin.)
pass, side v A lemiminlinmn] ¥ | cmimin] intmin pass v ™A | cmimin [ infmin|  Top Bottom

i1 10.0 170 0 0 ns 8.5 | 3.5 Seal 4 000 60 | 610 | 4 - -

2 1] 00 ) 130 76 | 30 25 114 |45 61.0 | 24 {0.2510.10] 01300 05

3 2] w0 B | of o =s |naelas Penetraton| H00 | 30| 6l

4| 2 10.5 145 114 [ ] 2.5 1271 | 5.0 Cosmetic 20 000 o | 305 12 - -

S| 2] 105 ) w5 | 14 | & 25 {1271 |50

6] 1| 105 15 | 14| & zns 171 |50

p . }g; wmy e 2 g; > Figure 4. - Joint configuration and weld

9 2] 105 ] w | w4 | & | 25 |17 |50 parameters for EB welds (EBXA-

2 ) ) ) .

AHEIE AR IR B and EBNA-numbered fracture

21| 05| M5 | na | & s | 1271 | %0 specimens).

Bl 1] 105 ] s | ue | & 2s 1271 | 5.0

Wl 1| 105 | s e | & 25 | 127 | 5.0

5] 2] 105 | s [ na | & 25 |[127 | 50

6| 2} 120 | s 152 | & 2s {152 | 6.0

via| 120 s |12 | & 25 |15 |60

1B 1] 1ol s |12 | & 25 (152 | 6.0

9] 1| 120 | ws |12 | & 25 | 152 | 6.0

201 120 | ws | 152 | & 25 152 | 6.0

al 2| 120 w |52 | & 2S5 [152 | 60

Figure 3. - Joint configuration and weld
parameters for pulse GTA welds
(GTYA-numbered fracture specimens).
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REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR.

JOINT CONFIGURATION

0. 229 con (0,090 in. ) rad

l

1,905 cm (0.750 in.)
istock)

{
f L 0.508 cm
- 10,200 in

WELD PARAMETERS

Welding equipment.  G14 - Linde semiautomatic welder with 300-A power
supply, straight polarity
PAW - 400-A Linde power supply on Linde GTA

equipment < e o] -
Process PAW root penetration and GTA fill {‘l} GTA w eld.
Filler material inconel T18 wire, 0.114 ¢cm (0,045 in.) diam
Shielding gas 90 percent argon and 10 percent hyarogen lor PAW

argon for GTA welds
Electroge ¢ percent thoriated tungsten, 0 317 em 0,125 in.)

diam for PAW: 0,367 cm (0.156 in | diam for

GTA welds
Cleaning Wire brush and degrease with methylethylketone

before each pass

T T T T T —— — 1
| | T \
Weld | Weld | Type | Potential, | Current, | ura'nl + ﬂ”:“ﬂ _—
Da\$ | Slﬂl‘ *eld_l "I A cmimin | iRimn | cmimin nimin
1|1 |eaw| 25 225 30.5 12 0 0 |
2| 2 |oa| 24 19 20.3 - 2| 30 |
3|1 [ea| 24 1% 20.3 8] n |
4| 2 |om| 190 2.3 8 | 180 i1
5|1 |oma| 2 1% | 203 B | 180 ]
] 2 |GTA ] 190 20.3 8 180 T
1|1 [Ga| 2 190 203 8 | 180 n
8| 2 |6Ta| 2 190 203 8 | 180 n
9 | 1 |GTA l a | 1w 203 8 | 180 n l
IS ==t | | | } —— —

Figure 5.- Joint configuration ana weld
parameters for PAW-GTA welds
(PAXA-numbered fracture specimens).

(b) PAW-GTA weld.

Figure 6. - Section photographs of GTA
weld and PAW-GTA weld.
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REPRODUCIBILITY 'OF THE ORIGINAL PAGE IS POOR.

(a) Weld with complete fusion at root.

(b) Weld with incomplete fusion at root.

Figure 7. - Section photographs of pulse
GTA weld.

(a) Full section photograph.

#
¢

(b) A 100x enlargement showing micro-
fissure cracks in heat-affected
Zone,

Figure 8. - Section photographs of EB
weld.




ﬁROUCIBILITY OF THE ORIGINAL PAGE IS POOR.

(a) Section view of weld. (b) Edge view showing warpage (scale
in inches).

Figure 9, - Photographs of PAW welded plate.

{b) Weld specimen after machining.

Figure 10. - Photograph of typical weld specimens after heat treatment and final
machining,
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21.8cm (8 6010}

— 5 08cmi2.001n ) — H.7cm 4,60

10 2rm (4.0n.) rad, (typical)

¢
254cm(1.00in.)rad, |
i (typrcal) Weld

| p——

L—l.?? cm (0.50 1.} ’——076((11 03010

L 0.51¢m {0 20 1n.)
Back-to-back strain gages

—[mem 07501

32

Stock thickness before machining to remove distortion and weid beads, final thicknesses histed in table XI

Figure 11. - Typical tensile specimen configuration.

—
-~
1

Kobayashi solution »
w0 ] _‘]

1.6

7

1.0
1.5 \ L'K.
.9
\ K, "Ll %! M
14 b 3 i
Smith solution
E ’\ W2+0.5
13} 3
1.2 \
\'
11t
\'
-“_3
2
1.0
0 1 ] 3 4 s ¢
"

Figure 12. - Determination of deep-flaw
magnification factor M.
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(a) GTA weld specimen,

5
7

' . P> R THE P~ |
_- 4 : _:_.. ot _ i iow - .?.'u. ﬂ
(¢) EB weld specimen. (d) PAW-GTA weld specimen,

(e) Base-metal specimen,

Figure 13. - Fracture face photographs of fatigue-cracked specimens.
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Figure 14, - Comparison of theoretical crack-growth rate with experimental data from
GTA welds, heat treatment A,
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100 Air data
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Figure 15. - Compar.son of theoretical crack-growth rate with experimental data from

GTA welds, he:: treatment B.
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Figure 16. - Comparisor of theoretical crack-gsowth rate with experimental data from

CTA welds, heat tre; tment C.
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Figure 17. - Comparison of theoretical crack-growth rate with experimentai data from

pulse GTA welds, heat treatment A.
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Figure 18. - Compariscn of theoretical crack-growth rate with experimental EB weld
data.
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. MNIm3/72

Stress-intensity-factor range, AK

Figure 19. - Comparison of theoretical crack-growth rate with experimental PAW-GTA
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Figure 20. - Comparison of theoretical
crack-growth rate with experimental
base-metal data,
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O GTA weld, heat treatmer
45 GTA weld, heat treatmem
& GTA weld, heat treatment
O Pyise GTA weid, heat treatment A
Open points - ar data
Sofwd points - LN2 data
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= 102 L _010
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Figure 21. - Comparison of theoretical crack-growth rate (linearized) with experimental
GTA and pulse GTA weld data.
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Figure 22. - Comparison of theoretical crack-growth rate (linearized) with experimental
EB weld data.
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2 o ) Ldem
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Figure 23. - Comparison of theoretical crack-growth rate (linearized) with experimental
PAW-GTA weld data.
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Figure 24. - Comparison of theoretical crack-growth rate (linearized) with experimental
base-metal data.
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(K - AKa)g, MN/m™ x nmicycle

Figure 25. - Comparison of theoretical crack-growth rate (linearized) with liquid hydro-
gen (LHz) temperature GTA weld data from reference 8.
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Figure 26. - Comparison of theoretical crack-growth rate (linearized) with liquid oxygen
(LOZ) and LH2 temperature basc-metal data from reference 8.
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crack-growth rate with base-metal
experimental data for R = 0.5.
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APPENDIX
CONVERSION OF U.S. CUSTOMARY UNITS TO S| UNITS

The Systeme International d'Unités (SI) was adopted by the Eleventh General
Conference on Weights and Measures in Paris during October 1960, in Resolution
Number 12, The faciors required for conversion of U.S, customary units used in this

report to ST units and the prefixes and symbols used to indicate multiples of units are
presented in the following tables.

U.S'I.'°cﬁgfgrflgtr§r3$t . Multiply by — To obtain SI units
1bf 4,448222 newtons (N)
in. 2.54 x 10”2 meters (m)
kips per square inch (ksi) 6.894757 x 10'6 newtons/ meter2 (N/ m2)
ksi \Tn. 1.0968 MN/m /2
uin/cyele 25.4 nm/cycle
Multiple Prefix ] Symbol

10°° nano n

1078 micro u

10°* milli m

106 mega M

109 giga G

P

Aot

FERSETRTNN

NASA-Langley. 1974 S-391 41






