
B G  4 ,  
ASA CR-72606 

IN IO 

0 

IN THIN WA TANKS 

By 

3. N .  M a t d m ,  W. P. UaQise and R. W. Finge,t 

Pheparred ( o h  

NATIONAL AERONAUTICS & SPACE ADMINISTRATION 

Contract NAS 3 -1 0290 

THE COMPANY 



NOTICE 

This report  was prepared a s  a n  a c c o u n t  of Government  sponsored 
work ,  Ne i the r  the United States,  nor the Nat iona l  Aeronaut ics  
a n d  Space  Administration (NASA), nor a n y  person ac t ing  on 
behalf of NASA: 

A. )  Makes a n y  warranty or representation, expressed o r  
imp1 ied,  with respect  to t h e  accuracy ,  completeness, 
or usefulness of t h e  information conta ined  in this 
report ,  o r  that the use of a n y  information, apparatus ,  
method, or  process disclosed in this report may not  
infr inge pr ivately owned rights; or 

Assumes a n y  liabilities with respect  to the use of, 
o r  for damages result ing from the use of a n y  infor- 
mation, apparatus,  method or  process disc! osed in  
this  report .  

B.) 

As used above, "person a c t i n g  on behalf of NASA" includes 
a n y  employee or contractor  of NASA, or  employee  of such con-  
tractor,  to the ex ten t  that such employee  o r  contractor  of NASA, 
o r  employee  of such cont rac tor  prepares,  disseminates, or provides 
access  to, a n y  information pursuant to his evpioyment  or cont rac t  
wi th  NASA, o r  his employment with such contractor .  

Requests for  copies  of this report  should be referred to 

Nat iona l  Aeronaut ics  a n d  Space  Administration 
O f f i c e  of Sc ien t i f ic  a n d  Technical  Information 
Attent ion:  AFSS-A 
Washington, D, C.  20546 



NASA CR-72606 
D2-121696-1 

FINAL REPORT 

INVESTIGATION OF DEEP FLAWS IN THIN WALLED TANKS 

BY 

J, Ne Masters, W. P. Haese, and R. W, Finger 

Prepared for 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

December 1969 

Contract NAS 3-1 0290 

Technical Management 

NASA Lewis Research Center 

CI eve1 and, 0 hio 

Liquid Rocket Technology Branch 

Gordon T. Smith 

THE BOEING COMPANY 
Aerospace Systems Division 

Seattl e, Washington 



PREFACE 

This report describes an investigation of static and cyclic f law growth charac- 
teristics of deep flaws in thin walled cryogenic tank materials performed by 
The Boeing Company from June 1967 to March 1969 under Contract NAS3-10290. 
The work was administered by Mr. Gordon T. Smith of the NASA Lewis Research 
Center . 
Boeing personnel who participated in  the investigation include C. F. Tiffany; 
J. N. Masters, project supervisor; W. P. Haese, Principal investigator; and 
R.  W. Finger and R. C. Shah, research engineers. Program support was 
provided by A. A. Ottlyk and H. M. Olden, specimen testing; F. e>, Walsh, 
frqcture surface photography; and D. G, Good, technical illustrations and art 
work e 

The information contained in this report i s  also released as Boeing Dcoument 
D2-121696-1. 



INVESTIGATION OF DEEP FLAWS IN THIN WALL TANKS 

BY 

J. N. Masters, W. P. Haese, and R. W. Finger 

ABSTRACT 

The conditions controlling fracture instability and subcritical f law growth in 
relatively thin sections containing deep surface flaws were experimentally 
investigated for 2219-187 aluminum and 5A1-2.5Sn titanium base metal and 
we1 dments. The program consisted primarily of testing uniaxial I y loaded surface 
flawed specimens in ambient, l iquid nitrogen, and I iquid hydrogen environments, 
It was concluded that for test conditions i n  which the plastic zone size i s  relative- 
l y  small with respect to the thickness, well ordered static and cyclic data i s  
generated, and experimental I y determined deep flaw magnification factors 
adequately describe the fracturing process. As relative thickness i s  reduced, 
combinations of stable flaw growth and plasticity effects control, and cyclic 
flaw growth rates increase rapidly. In the extreme case, (very thin gages with 
respect to the plastic zone size) the surface flaw grows through the thickness, 
under rising load, and ultimately fails as a through-the-thickness crack. 
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Aluminum Base Metal - Long Grain, a/2c = .40, -320°F 

Cyclic Fracture Data, 0,625 h c h  Thick, 2219-T87 
Aluminum Base Metal - Long Grain, a/2c = .40, -423OF 

Cyclic Fracture Duta, 0.063 lnch Thick, 2219-T87 
AI uminum Base Metal-Long Grain, a/2c = ~ 05, 
Room Temperature 

Cyclic Fracture Data, 0.063 inch Thick, 2219-T87 
Aluminum Base Metal - Long Grain, a/2c = .05, -3200F 
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114 

115 

115 

116 

116 

117 

117 

118 

118 

119 

119 

120 



TABLES (Continued) 

Table Number Pane Number 

81 

82 

83 

84 

85 

86 

87 

88 

Cyclic Fracture Data, 0.100 Inch Thick, 2219-T87 
Aluminum Base Metal - Long Grain, a/2c = .05, -320OF 

Cyclic Fracture Data, 0.063 Inch Thick, 2219-T87 
AI uminum Base Metal - Long Grain a/2c = .05, -423OF 

Cyclic Fracture Data, 1 00 nch Thick, 2219 
AI uminum We1 d Metal , a/2c = .30, Room Temperature 

Cyclic Fracture Data, 1 e 00 Inch Thick, 221 9 
AI uminum Weld Metal, a/2c = .30, 420OF 

Cyclic Fracture Data, 1 e 00 Inch Thick, 2219 
Aluminum Weld Metal, a/2c = .30, -423OF 

Cyclic Fracture Data, 0.125 Inch Thick, 2219 
Aluminum Weld Metal, a/2c = .05, Room Temperature 

Cyclic Fracture Data, 0.125 inch Thick, 2219 
Aluminum Weld Metal, a/2c = .05, -320OF 

Cyclic Fracture Data, 0.125 Inch Thick, 221 9 
Aluminum Weld Metal, a/2c = 05, 423OF 
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122 

122 
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SYMBOLS 

K Stress intensity factor defined by linear elustic fracture mechanics. 

K I  Stress intensity factor under condition of plane strain, 

Plane-strain fracture toughness of a material a 

U Depth of semielliptical surface flaw or semiminor axis of the ellipse 

X /a +y /e = I .  
2 2 2 2  

2c Effective width of semielliptical surface flaw, 

+ El  I iptical angle measured for semi -major axis of el I ipse, 

Complete elliptical integral of the second kind having modules K defined as 

2 2 'I2 K = ( l  - a / c  ) 

2 Q FI aw shape parameter = - 0.21 2 (a/ays) 

U Uniform tensile stress applied perpendicularly to plane of crack or peak 
cyclic value thereof. 

Uniaxial tensile yield strength, 
OYS 

Uult Uniaxial tensile ultimate Strength. 

E Young's modulus. 

N Number of loading cycles. 

v Poisson's ratio. 

Subscripts 

1 at init ial conditions 

F at f inial conditions 



SUMMARY 

The experimental work described herein was undertaken to investigate the conditions 
control I ing fracture instabil i t y  and subcritical f law growth of thin sections containing 
deep, part-through flaws. Two materials were tested: 2219=T87 aluminum and 
5AI -2.5Sn titanium base metal and we1 dments, Uniaxially stressed surface flawed 
specimens were tested in ambient, I iquid nitrogen, and I iquid hydrogen environments. 
Tests performed were either static tests o failure or cyclic tests with zero-to-tension 
loading profiles. Additionally, center cracked panels were tested statically for each 
material, thickness, and test temperature. Each material was tested in  two thicknesses, 
The aluminum base metal was tested in  gages of 0.625 and 0.063-inch thickness; the 
aluminum weldments in  1 .OO and 0,125-inch thicknesses; and the titanium base metal 
and weldments both in  0.200 and 0.020-inch thicknesses, 

By comparing the data from the various types of tests i t was concluded that the behavior 
of surface flaws subjected to a rising load to failure can be placed into two distinct 
categories : 

1 e In one case, the f law remains stable until a stress intensity i s  reached at which 
point the flaw growth occurs very rapidly, resulting in  complete fracture; the 
f law i s  critical before it reaches the back surface. 

2. In the second case, significant slow f law growth occurs prior to reaching maximum 
load. In some cases, the flaw actually grows slowly completely through the 
thickness. Upon a further rise i n  load, the f law can then become critical as a 
through -crack 

The parameters control I ing these behaviors are not fu l ly  understood; however, it appears 
that the size of the plastic zone at the bottom t ip of the flaw, relative to the specimen 
thickness or to the size of the remaining ligament (i.e., the net thickness, tn), plays 
an important part, For plane strain conditions, the plastic zone size can be estimated 

From the data generated, it appears that for values of p/tn 

the f law wil I become critical before growing through-the -thickness. 
In this category, well ordered data was generated, describing the effects of flaw shapes 
and a/t values for thick 2219487 aluminum base metal at  al l  test temperatures and for 
thick 5AI -2.5Sn t ~ t a n ~ u m  base metal and weldmenk at  cryogenic temperatures. In 
this same category, i t  was fou d that cyclic flaw growth rates were relatively low, 
and the cyclic specimen 
skitic specimens fail) fa  

2 

d at stress levels just less than that at which comparable 
ore the flaw grew through the thickness. 



In the second category the static test results were characterized by an absence of 
deep flawed effects (i. e, , Irwin's apparent K lc  did not decrease with increasing 
flaw depth). In the extreme case, where the f law did grow through-the-thickness 
before failure, the faifure stress was , as expected, relatable to the through-the- 
thickness crack tests, even though the init ial defect was a surface flaw. In this 
category cyclic f law growth rates are much higher than in  item (1) above, and 
the flaws were also found to grow through-thethickness before failure. 
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NTRODUCTIO N 

Previous investigations of failure modes of structure loaded in  tension and contain- 
ing crack-like defects have been directed primarily to the problems of either 
embedded or surface flaws which are relatively small with respect to the thickness, 
or to through-cracks. Relatively thin walled structure fabricated from materials 
of moderate toughness can involve the problem of part-through flaws Mh ich either 
ini t ial ly or during service, may extend to depths which are quite large with 
respect to the thickness. Prior to initiation of this program, some analytical 
efforts had been directed toward the problem of fracture instability of deep flaws, 
experimental data on fracture, and on subcritical growth of such flaws was very 
I imited. 

This experimental investigation was thus undertaken to investigate the conditions 
control I ing fracture instability and subcritical f law growth characteristics of 
tension loaded structures containing deep, part-through flaws. Two materials i n  
base metal and we1 d metal form were investigated: 221 9-T87 aluminum and 
5AI -2.5 Sn titanium. 
i n  ambient, I iquid nitrogen, and I iquid hydrogen environments, under conditions 
of either loading directly to failure or under zero-tension loading profiles. 
Thickness, flaw shapes, and flaw depth-to-thickness ratios were systematically 
varied, With these variables, several combinations of strength and plastic zone 
sizes were investigated. 

Uniaxially stressed surface flawed specimens were tested 
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2.0 TECHNICAL BACKGROUND 

Relationships between stress intensity, f law size, and nominal stress f ie ld  have been 
derived for a number of crack geometries and loading conditions. 
pressure vessel performance, solutions for the semi-ell iptical surface flaws have 
proved to be the most useful. To date several approximate solutions are available. 

n order to predict 

Irwin (Ref. 1) f i r s t  obtained a solution for a semi-elliptical surface f law in  a plate 
and estimated that the solution may be valid for flaws with depth up to about one- 
half the material thickness. As part of the Boeing research and development program 
(IR&D), Kobayashi (Ref. 2) arrived at an approximate stress intensity solution for deep 
flaws having small depth-too-length ratios, i.e., small a/2c values. Smith derived 
a solution for the semi-circular f law in  a semi-infinite body (Ref. 3). This solution 
provided further refinement of the free surface correction Irwin used in  his equation. 
As part of the Boeing IR&D program, Smith estimated what the free surface corrections 
should be for the semi-elliptical surface flaws i n  a semi-infinite space (Ref. 4). He 
also obtained an approximation of the stress intensity for the semi-circular surface 
flaws which become very deep with respect to the thickness (Ref. 4), Using the 
single-edge-notch solution, i.e., a/2c = 0 of Gross, et ai., (Ref. 5) and his solu- 
tion for the deep semi-circular flaw, Smith roughly estimated stress intensity factors 
for deep surface flaws of intermediate shape, i. e. , a/2c ratios between 0 and 0.5 
(Ref. 4). Kobayashi and Moss (Ref. 6) have derived an approximate solution for the 
surface flaw that accounts for the effects of the stress-free surfaces and the ductility 
of the material. 

The I imited experimental evidence obtained before this program suggested that: 

Irwin's estimated flaw depth limitation of 0.5t for his solution is approximately 
correct; 

The stress intensity for deep semi-circular flaws can be reasonably approximated 
using Smith's solution; 

The Kobayashi solution for deep flaws provides a reasonable approximation of 
the stress intensities for flaws with a/2c ratios of approximately .30, but may 
tend slightly to underestimate the values for very smal I a/2c ratios; 

The Smith estimates for deep semi-el I iptical flaws wil l  overestimate the stress 
intensities for flaws with smal I a/2c ratios, i. e. , a/2c less than ,20. 

The stress intensity relationships for the surface flaw obtained by Irwin, Kobayashi, 
Smith and Kobayashi and Moss are summarized below. 
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Uti! k i n g  Green and Sneddsn (Ref 7) sol ufton- for the distribution of stresses near 
a f lat  ell iptlcal crack i n  an elastic solid subjected to uniform tension in  a direction 
perpendicuiar to the plane of the crack at infinity, Brwin (Ref. '1) derived the 
expression for the stress intensify factor. 

rwin estimated the stress intensity factor for a semi-elliptical surface flaw in  a 
f ini te thickness plate as 

where he introduced the constant 1 e 'i to account for the effect on stress intensity of 
the stressqree plate sudaces and replaced Q for to account for the effect on the 
stress intensity of the plastic yielding around theflaw periphery, Figure 1 describes Q 
for varying f law shapes and stress ratios. Expression (2) was considered valid for 
sudace flaws for flaw depths up to one-half the plate thickness and for stress levels 
not exceeding yield stress. 

The maximum value of K 1 occurs at the end of the semi-minor axis of the el I ipse and 
has the val ue: 

2.2 

For surface flaws that have a small depth to length ratio, but are deep with respect 
to the plate thickness, Kobayashi assumed the following form for the stress intensity: 

where : MK = Mkf X Mkp 

rwin (Ref, 1 ) the multiplying constant, 1 1, i s  taken to account for the 
effect of the free surface on the stress intensity factor, 

Mkf. the elastic stress intensify magnification due to deep flaw, was estimted from 
an infinite strip with a central through-the-thickness crack under the conditions of 
plane strain. 

Mk i s  the stress intensity magnification dwe to plastic yielding in an inf'inite plate 
wit E a central through-the-thickness crack under the conditions of plane strain. 

'' See List of Symbols for Definition of Terms. 
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A Plot of MK, !.e., Mkf x Mkp, versus a/t i s  given in  Figure 2 for ( 
0.4 and 0.8 for v 1/3. 

Based on the experimental data, Tiffany et al . , (Ref. 8) extended the plot of MK 
up to a/t = 1 as shown in  Figure 3. They represented the stress intensity equation as 

K 1 z l . l  MKU - !IT- 
2.3 Smith Analysis . 

Smith's (Ref. 3) linear elastic analysis of a semi-circular surface flaw in  a semi- 
infinite body resulted in  the following stress intensity relationship: 

This result corresponds to that shown in  equations (2) and (3) except that the 1 . 1  
free surface correction assumed by Irwin i s  replaced by the MI coefficient, which 
i s  dependent upon location on the flaw periphery (Figure 4) and plasticity correction 
i s  not incorporated. 

For semi-elliptical flaws i n  semi-infinite bodi.es Smith (Ref. 4) estimated the free 
surface coefficient, Mi .  This result i s  shown in Figure 5. The stress intensity 
relation thus becomes: 

/ 

where : 

As seen in Figure 5 the point of maximum stress intensity occurs at the point of 
maximum flaw depth for a l l  flaws with a/2c ratios less than about .35 to .40. 
This i s  consistent with Irwin's analysis; however, the magnitude of the free surface 
corrections are slightly less than the 1.1 he estimated. Smith (Ref, 4) obtained 
the stress intensity factors for semi-circular flaws in  a f ini te thickness plate and 
using i t  and Gross's single-edge-notch solution he estimated the stress intensity 
factors for semi-elliptical surface flaws in  a plate as a function of a/2c and a/t 
ratios. The resulting relationship is: 

/ 
MK i s  the f ini te thickness (or deep flaw stress intensity magnification) correction. 
The MI; versus a/t curve for the semi-circular f law and the estimated curves for 
semi-elliptical flaws with a/2c ratios of .15, .20, .25 and .30 are shown 
in  Figure 6. 

.lo, 
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2.4 Kobayashi -Moss Anal ysis 

Kobayashi and Moss (Ref. 6) assumed that the stress intensity magnification factor 
i n  sutface-flawed tension plates i s  decomposable in  three parts. They, then, 
represented the stress intensity at  the minor axis of surface f law as 

K1 1 MF MB Mp 

The f i r s t  part of the magnification factor, MF, i s  due to the stress free front surface. 
Uti1 izing the results of previous investigations (Ref e 3 and 9) MF was represented as 

2 
MF = 1 +- 0.12 (1 - a/2c) 

The second part of magnification factor, MB, i s  caused by the stress free back 
surface. This was estimated from the approximate solution by Kobayashi, et  al., 
of two coplanar elliptical flaws i n  an infinite solid subjected to uniaxial tension 
(Ref. 10). Assuming no coupling between MF and MB, the elastic part of the 
magnification factor Me = MF MB i s  given for the surface flaw i n  Figure 7. The 
free surfaces effect Me was truncated at the particular values of a/t for given 
a/a YS specimen. 

when the modified Dugdale yield zone penetrated the thickness of the 

The plasticity magnification, Mp, was based on a modified Dugdale yield zone 
surrounding a penny-shaped crack of radius, b, i n  an infinite solid composed of 
strain hardening material. The normal stress component in the modified Dugdale 
model of extended yield zone was assumed to vary linearly from a maximum value 
of a, at the edge of physical crack of radius b to a minimum value of ays at the 
edge of extended crack of radius d as shown in Figure 8, The pasticity magnification 
i s  obtained by comparing the crack opening displacement at the center of this 
modified Dugdale crack to that of the physical crack. Values of Mp for various 
values of m (m = 1 - u ~ ~ u ~ )  are shown in  Figure 8. 

This i s  the only approximate solution for surface flaws which shows the effect of 
strain hardening on stress intensity. It should be noted that the solution is s t i l l  
preliminary and needs refinements i n  the elastic and plastic magnification factors, 
General usage of this approximate solution i s  discouraged until i t  i s  refined. It 
should be used only to gain the intuition of the magnitude of corrections and the 
effect of strain hardening. 
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3.0 MATERIAL AND FABRICATION PROCEDURES 

3.1 Materials 

The 5A1-2.5Sn (ELI) titanium plate, 0.04 x 24.0 x 72. O-inches and 0.20 x 36.0 
72.0-inches was purchased in the anneded condition per MIL-T-9046E, Type I I ,  
composition B. Composition of the heats used on the program is given in Appendix A. 

The 5A1-2.5Sn (ELI) specimens were fabricated and tested in the annealed condition. 
Two of the plates used for fabricating base metal specimens and most of the plates 
used to fabricate weld panels required a hot flattening cycle before they could be 
used to fabricate parts since they were received from the vendor with considerable 
waviness. The thermal cycle used for flattening, 12500F for one-half hour would 
not be expected to affect material properties significant1 y. 

5A1-2.5Sn (ELI) titanium f i l ler wire used for making the titanium welds was purchased 
per AMS 4953 except composition was to be: 

AI uminum 
Tin 
Iron 
Carbon 
Oxygen 
Nitrogen 
Hydrogen 
Other El ements 
Titanium 

4.7 - 5.6% 
2.0 - 3.0?/0 
0.15% Max 
0.035% Max 
0.09% Max 
0.009% Max 
0.005% Max 
O. l0?h Max 
Remai nder 

Ultimate tensile strength was set at 100 ksi. Actual compositions of the spools used 
on the program are given in Appendix A. 

221 9-T87 aluminum plate, 0.125 x 36 x 96-inches, 0.625 x 36 x 96-inchesf and 1.0 
x 36 x 96-inches was purchased per BMS 7-105C. A l l  sheets of the same gage were 
from the same heat lot. Compositions for each gage are given in Appendix A. 

The aluminum base metal specimens were fabricated in the T87 condition. Welded 

leaving the weld in the as-welded condition. 
uminum specimens were made by welding T87 material with the GTA process, 

Filler wire was used to weld 0.125-inch thick panels only. Filler wire was 2319 
aluminum alloy purchased per BMS 7-75 Type 111. Actuul composition of spools used 
for welding i s  given in Appendix A. 

9 



3.2 WeBdlng 

he welds on the pi. rum were made to be PpicaB of welds used on space program 
onsequently, both aluminum and titanium were welded with the G 
ert Gas Process). All panels welded on the program had square b 

preparations e 

s were welded in two thicknesses, 0,044nch and Oe20dnch, 
er wire were chemically cleaned bef e welding per BAC 5753, 

mediately prior to welding, the parts were hand scraped for a distance of 1/2- 
inch back from the uttirrg edges, and the faying surfaces were draw f i  
tooling was used to weld the panels and shield the welds from oxidation. Figure 9 
shows an end view of: the tooling setup. 

On the 0.040-inch thick we ds a slngle weld pass was used with 0.045-inch diameter 
f i l ler wire. On the 0.2Oinch thick welds two passes were made from one side and 
0.062-inch diameter filBer wire was used. Weld quality i n  both gages was cornparable 
with the quality of space program fi ight tankage as determined by X-ray and visual 
inspection. Actual weld parameters used on the titanium are included i n  Appendix B. 

221 9-T87 Aluminum 

Aluminum panels were welded i n  two thicknesses, 0.125inch and 1 ~ 00-inch. Panels 
and f i l ler wire were cleaned before welding per BAC 5765, Just prior to welding, 
parts were hand scraped for a distance of 1/2-inch back from the abutting edges and 
the faying surfaces were draw filed, 

The 0.9 25-inch thick welds were welded with one puss using 0.063-inch diameter 231 9 
uminum fi l ler wire. The 1 .OO-inch thick aluminurn welds were made with four passes 

and no fi l ler wire, One seal pass and one penetration pass was made from each side. 
Weld quality was comparable with the quality of space program tankage as determined 
by  X ray and visuai inspection. Actual welding parameters are shown i n  Appendix B. 

3.3 Straightening of Welded Pane 

Significant we1 d distortion occurred during we1 ding specimen pane s with the exception 
of 0.040-fnch thick 5Al-2.5Sn titanium. 

Figure 10 shows weld dfstortlon in u 0.925-Inch thick aluminum panel. 
is shown being removed by impacting the area adiaeent to the weld with a magnetic 
hummer i n  Figure 11. Final contour of the straightened part i s  shown in Figure 12. 



ighten t h e  I .OO-fnch thi 
e made on the strai 
ring straightening. 

n of 0 . 2 0 l n c h  thick 5A1 -2.5Sn titanium welded panel was remove 
250oFfor 30 minutes in a hot sizing press. 

3,4 Specimen Fabric tion Procedure 

Three ~ ~ f f e r e n ~  types of test specimens were fabr icded  o 
ns used for determining mechanical prope 

specimens used to evaluate the static and cycl!c 
surface flaws are  shown in Figures 15 through 
etermine failure stresses for through the thickn 

ate and weld thicknesses tested on 
26 through 28. I 

All specimens were machined from plate and weldments of the same thickness as the 
e m ~ ~ h ~ ~ i n g  except for the thin f ed titanium specimens t 
0.840-inch thick titanium sheet the thin base metal a 
machined from 0. 25-inch thick plate. Loading holes we 
sing drill jigs to ure uniform loading of the specimen, 

r ~ ~ ~ ~ n ~  on a on -inch thick welded aluminum specimen. 

per the requirement of the contract instrum 
w and the length dimension of th 

to the minimum tensile strength direction established 
tests. This requirement resulted in the axis of the f l a  
I ing d ~ r e ~ ~ ~ o n  in the titanium specimens and perpend 

d ~ r e c ~ i o n  in the ~ ~ u m ~ n w m  specimens. 

I ~ n ~ t ~ ~ ~  flaws were prepared by using an electri 
froduce an initial f law with a terminating radius 

ischmge machine (ED 
less than 0.003-inch 

w stress fatigue. Maximum c y d i c  stress I 
A1 -2.5Sn (Et?) tTtanium varied from 16 

surface flaw specimens maximum cycllc stress levels ranged 
number of cycles required to extend the initial flaw varied 
en, depending on initia e. Because the we 
e weld, flaws were pia center of the weld 

welded specimens. Figure 30 shows th setup for f a t ~ g u @  sh pening the flaw on a 
O.OX)dnch thick ti he microscope was d to determine when 

aw had been s 
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4.0 EXPER AL PROCEDURE 

All room temperature test specimens were tested in ambient atmosphere in an  en- 
closed building with temperatures ranging between 65 and 7 P F .  A strain rate of 
0.005 in/in/minute was used on all smooth tensile specimens until t he  material yield 
strength was reached. A strain rate of 0.02 in/in/minutes was then used for the 
remaining portion of the loading sequence until failure. Static fracture toughness 
specimens were pulled at a rate needed to precipitate complete fracture within 1 to 
3 minutes after initial application of load. 

Cyclically tested specimens were subjected to trapezoidal loading profile with a 
maximum frequency of 20 cycles per minute. Figure 31 shows the test machine used 
to cycle  test many of the larger specimens on the program at room temperature and 
-3X)OF. This machine was also used for static tests and flaw sharpening. Minimum 
stress of the trapezoidal loading profile was approximately 10 per cent of the maxi- 
mum load, The,trapezoidal loading profile was generated by dividing each cyclic 
period into four equal parts. T h e  first part was spent in going from minimum load 
to maximum load, the second in holding the specimen at maximum load; the third 
in unloadinge and the fourth part at minimum load. 

The  -3200F and -423OF tests were conducted in the environments of liquid nitrogen 
and liquid hydrogen, respectively. T h e  liquid nitrogen was introduced into a wrap- 
around open can cryostat to keep the gage area of each specimen completely sub- 
merged. The  -423OF tests were conducted in a similar manner except that  to keep the 
specimen compl etel y immersed in hydrogen, double wal I ed vacuum insulated cryostats 
were used, Figure 3 2  shows the double walled cryostat that was used for the majority 
of hydrogen specimens on the program. Thermocouples were attached to control 
specimens to check temperature during each series of tests. 

T h e  point at which the f law grew through the thickness during cycle testing of the 
thinner specimens on the program was detected by strain gages bonded to the back 
side of the specimen. A typical trace of one of these strain gages is shown 
schematical I y In Figure 33. 





5.0 DESCRIPTION AND INTERPRETATION OF RESULTS 

5 e 1 Mechanical Property Tests 

Results of mechanical properties tests of the plates and weldments used on the 
program are given in  Tables 1 through 6. Tests were conducted at room tempera- 
ture in air, at -320°F in  liquid nitrogen, and at  -423°F in  liquid hydrogen; the 
effect of temperature on ultimate tensile strength, yield strength, elongation, and 
Poisson's ratio i s  illustrated in Figures 34 through 41. 

Uniaxial yield strengths were calculated using loads corresponding to a 0.2-percent 
offset on load-strain curves. For a l l  tests at room temperature and at -320"F, 
longitudinal strains were measured using 2 .O-inch gage length extensometers; at  
-423"F, strains were measured using longitudinal I y oriented bac k-to-bac k strain 
gages. 

Poisson's ratio measurements were made from continuous strain gage recordings of 
load (P) versus longitudinal strain (E ) and transverse strain (E ). The elastic 
Poisson's ratio was then computed from the formula 

d d 

dP . dP 

L T 

E~ e EL p = - A -  

where: p i s  the elastic Poisson's ratio; 

d d 

are the average slopes of the elastic portions and - 
of the load-versus-transverse-strain and load- 
versus-I ongitudinal -strain record ings 
respective I y . 

ET EL 
dP 

5.2 Static Tests of Surface Flawed Specimens 

Results of surface flawed specimens tested statically are summarized in  Tables 7 
through 55. The data is presented in the following sequence: 

0.200-inch titanium base metal --- Tables 7 through 13. 
0.200-inch titanium weld metal --- Tables 14 through 20. 
0.020-inch titanium base metal --- Tables 21 through 25. 
0.020-inch titanium weld metal --- Tables 26 through 30. 
0.625-inch aluminum base metal--- Tables 31 through 37. 
0.063-inch aluminum base metal--- Tables 38 through 43. 
1 .OO -inch aluminum weld metal--- Tables 44 through 49. 
0.125-inch aluminum weld metal--- Tables.50 through 55. 
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In each of the above-noted tables, specimen dimensions, test conditions, and gross 
and net area stresses at maximum load are shown in the first columns, followed by 

apparent K,, is shown as calculated from equation 3, using init ial  flaw sizes and 
gross stress at maximum load. Where applicable, the last column shows apparent 
M values obtained by div ding the estimated true Klc value by the apparent 

mated as follows. First, a I the data points were grouped by material, thickness, 
and test temperature. Each group was then plotted in  terms of apparent K,, value 
versus flaw depth-to-thickness ratio (a/t), noting net stress-to-yield strength ratios 
and nominal flaw shapes (a/2c values) on each plot. 

flaw dimensions as measured after fracture For reference purposes, the 

va r ue listed in  the preceding column. The true or baseline Ka, values were esti- 

A preliminary review of the data of tables 7 through 55, when plotted as noted 
above led to the following general observations and comments: 

(1) For comparable flaw shapes and a/t values, the titanium weld metal 
data points exhibited a slightly greater scatter than that of base metal e 

Fracture faces of the weld specimens were very coarse. 

(2) The majority of  0.200-inch base metal specimens came from heat 
#G-7622. A very few specimens were machined from heat #303268, 
This latter heat was considerably tougher than normal e Because of this, 
and since only a few specimens of the tougher heat were involved, 
they were not included in  subsequent studies of the data trends, 

(3) Several of the 0,625-inch aluminum base metal specimens exhibited 
rather severe de aminations at  the flaw bottom. This was most pre- 
dominant at room temperature i n  the longest flaws (lowest a/2c ratios) 
and was not evident i n  any of the specimens tested at -423OFo In 
almost a l l  cases, the apparent calculated toughness was higher for 
those specimens in  which a delamination was observed 
these specimens (noted i n  Tables 31 through 35) were also not included 
in  subsequent studies of data trends. 

Accordingly, 

From observation of the remaining data (;.e., after eliminating points from titanium 
heat #303268, and from delaminated aluminum base metal specimens) it became 
apparent that the fracture behavior for the various materiafs, thicknesses, and test 
temperatures could be grouped into one of two general categories, as follows: 

) In one case, the plots showed a trend of  gradually decreasing apparent 
Kl, with increasing a/t value. Additionally, this 
became more pronounced as the fiaw depth-to-leng 
and as the a/t values increased above values of about 0.30. These 
trends, in  these materiaI/te 
for net-to-yield stress ratios 

re  combinations appeared to prevail 
) of up to about 0.90 for the 
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aluminum, and for possibly somewhat higher ratios for the titanium. 
Above these values of d u Y ,  the trend was reversed (i.e., apparent 

K, values were depressed with increasing U ~ U  values even as a/t 

thick 2219-T87 aluminum base metal at a l l  test temperatures, and to 
both base metal and weldments in  0.200-inch 5Al-2.5 Sn titanium at 
-320°F and -423OF. Examples of this behavior are shown in  Figures 
42 and 43. Through the use of such plots, by visually extending 
scatter band curves to intersect the ordinate (at a/t of zero), baseline 
Klc values were selected for the above-noted combinations. The Klc 
values selected are summarized below. 

vaFues decreased). The trends noted above app Iy ied to the 0.625-inch 

MATER1 AL 

2219-T87 Base Metal 

2219-T87 Base Metal 

2219-T87 Base Metal 

5A1-2.5 Sn Base Metal 

5A1-2.5 Sn Base Metal 

5A1-2.5 Sn Weld Metal 

5A1-2.5 Sn Weld Metal 

THICKNESS 
INCHES 

0.625 

0.625 

0.625 

0 e 200 

0.200 

0.200 

0.200 

TEMPERATURE 

Room 

-320" F 

-423" F 

-320" F 

-423OF 

-320" F 

-423OF 

BAS ELI N E 

Fki JiG 
47.0 

50.0 

50.0 

75.0 

60.0 

85.0 

75.0 

These toughness values are plotted in  Figure 44 as a function of test 
temperature e 

In the second group of materiaI/thickness/temperature combinations 
apparent Klc values did not decrease with increasing a/t values. This 
held true for the 0.125 and 1 .OO-inch aluminum welds, the 0.063- 
inch aluminum base metal the 0.020-inch titanium base metal and 
weldments at a l l  test temperatures, as well as the 0.200-inch titanium 
base metal and weldments at room temperature. Examples of these data 
are shown in  Figures 45 through 50. Figures 45, 46, and 47 include 
the 3 .OO-inch aluminum welds at room temperature, -320"F, and 
-423"Ff respectively, and in order, represent d u  values well above 
1 .OO at  room temperature, to elastic failures at -4 3 3OF. Figures 48, 
49 and 50 show representative thin gage data. Note that in each of 
these figures, data points are included for specimens which were 
machined down from the thick gage stock. For example, Figure 48, 
which illustrates the 0.063-inch thick aluminum base metal, includes 
two data points of 0.063-inch specimens machined from 0.625-inch 



stock. These additional tests were performed in  an attempt to resolve 
differences observed (in both static and cyclic behavior) between the 
thick and thin tests, It can be seen that the data from the specimens 
milled down from the thicker stock generally fal l  quite close to that of  
the thin wrought specimens, and thus possible metallurgical differences 
resulting from the amount of  rolling can be ruled out as a major contri- 
butor to the observed differences of fracture behavior of the varied 
gages e 

Returning to the data in item (1) above, the next step involved the determination of  
apparent magnification factors. This was done by dividing the respective baseline 
K value (calcu- 
lated from Equation 3, and included in  Tables 9 through 35). The magnification 
factors were then plotted against a/t values for each flaw shape, material, and test 
temperature. The resulting plots are shown in  Figures 51 through 53 for the 0.200- 
inch titanium and in Figures 54 through 56 for the 0.625-inch aluminum. For refer- 
ence purposes, Kobayashi's approximate MK curve i s  scribed on a l l  plots. Note 
first, that for a given flaw shape, both the titanium weldments and base metal data 
are shown together. Except for the slightly greater scatter i n  the weld data, the 
points do generally fall i n  the same pattern. Secondly, it can be seen that, for a 
given material and flaw shape, data from a l l  test temperatures are in good agree- 
ment. On  the other hand, the magnification factors for the titanium are somewhat 
higher than those of aluminum at corresponding flaw shapes. This i s  shown more 
clearly i n  Figures 57 and 58. These curves were constructed by visually fairing a 
curve through each family of data and then linearly interpolating to the a/2c 
values shown. Note that the family of curves are extended only to a/t values of 
0.80 for the titanium which represents the l i m i t  of those specimens tested. The 
curves for the aluminum are extended to an a/t value of 0.85, even though some 
specimens were tested at  larger depth ratios. From examination of the actual data 
(see Figures 54, 55, and 56) it appears that magnification reaches a maximum at 
about this depth ratio, and then tends to level off or even drop again at greater 
depths. As a/2c values decrease, this drop in apparent magnification appears to  be 
more pronounced. Not very many specimens were tested i n  this range; however, 
there are data points for -320°F test specimens representing each of  the three flaw 
shapes i n  the noted figures. The magnification reaches a maximum at approximately 
the same depth (a/t = 0.85) for each shape. It i s  interesting to  note that the calcu- 
lated plastic zone size just envelopes the remaining unbroken ligament (t,) at  about 
this depth for -320OF properties. This and the following may explain the observed 
behavior. 

value (as shown in Figure 44) by the corresponding apparent K I C  IC 

Once the remaining ligament i s  completely yielded, fracture may initiate at some 
angle, 01 , around the flaw periphery from the bottom of the flaw. As longer flaws 
(lower a/2c values) are tested, the angle at which fracture initiates must become 
larger i n  order for fracture initiation to take place outside of  the yielded region. 
The larger the angle, the lower is the applied stress intensity as compared to  that at 
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a = 0, and as calculated by equation 3. Thus, a higher load is required to cause 

failure. This behavior then would be characterized by magnification curves which 
drop rapidly after reaching a maximum. 

For shorter flaws, ff need not be as large. Secondly, the applied stress intensity 
does not vary rapidly as a increases. Thus, the expected behavior for short flaws 
i s  for the magnification to reach a maximum, but not to drop off as rapidly wi th 
further increase in flaw depth. Observation of the -320OF data in Figures 54, 55, 
and 56 suggests that this may be occurring. However, since there are only a few 
data points in this range, the curves in Figures 57 and 58 were l imited in a/t values 
of 0,80 and 0.85, respectively. By comparing these curves to corresponding data 
points of Figures 51 through 56, it i s  seen that with very few exceptions, the data 
falls within a band of about plus or minus ten percent. This spread i s  not substan- 
t ia l ly  greater than that observed in static fracture testing of identical specimens. 

When comparing the experimentally developed magnification curves with the 
approximate solutions developed earlier by Kobayashi and by Smith, the following 
conclusions can be drawn: 

(1) When comparing the titanium data (Figure 57) with that of Smith's work 
(Figure 6) i t  appears that for low a/2c val ues, Smith's curves greatly 
overestimate the magnification, and for high a/2c values, they under- 
estimate the magnification. The magnification factors are in very good 
agreement at an a/2c value of 0.20. 

(2) For the aluminum data (Figure 58), it i s  seen that Smith's curves greatly 
overestimate the magnification at a l l  flaw shapes except possibly those 
approaching a semicircular shape. 

(3) Kobayashi's magnification curve (Figure 3) compares well with the 
experimental data at intermediate flaw shapes (i.e., for a/2c values of 
about 0.35 i n  titanium and about 0.20 in  aluminum). 

5.3 Static Tests of Center Crack Panels 

Tables 56 through 59 give data from 5A1-2.5 Sn titanium base metal and weld 
metal tested at room temperature, -320°F, and -423OF. Tables 60 through 63 con- 
tain results of 2219-T87 aluminum base metal and weld metal tested at room tem- 
perature, -320°F, and -423OF. KCN values shown in  these tables were calculated 
using the expression below: 

where: a = 1/2 the init ial  crack length (no crack growth measurements 
were taken) 
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Y = parameter obtained from Figure 59 

0 = gross area stress G 

5,4 Cyclic Flaw Growth Tests 

Results of surface flawed specimens tested under cyclic loading conditions are sum- 
marized in Tables 64 through 88. The data i s  presented in  the following sequence: 

0,200-inch titanium base metal --- Tables 64 through 66. 
0.200-inch titanium weld metal --- Tables 67 through 69. 
0.020-inch titanium base metal --- Tables 70 through 72. 
0.020-inch titanium weld metal --- Tables 73 through 75. 
0.625-inch aluminum base metal--- Tables 76 through 78. 
0.063 and 0.100-inch aluminum base metal --- Tables 79 through 82. 
1 .OO -inch aluminum weld metal--- Tables 83 through 85. 
0.125-inch aluminum weld metal--- Tables 86 through 87. 

Make-up of these tables i s  similar to that of the static tests except that gross stress 
column represents maximum cycl ic stress and the last column represents either total 
number of cycles to failure (for specimens which became cri t ical before the flaw 
grew through-the-thickness) or cycles to grow the f law through-the-thickness. Note 
that some specimens were cycled a predetermined number of cycles, and then were 
marked and pulled to failure. In this case, f law dimensions at  the end of the f i r s t  
cycl ic run (as measured after failure) are noted at the bottom of the respective 
tables, 

Review of the data contained in  Tables 64 through 88 reveals that failure occurred 
prior to the t ime that the flaw grew through-the-thickness in  only two groups of 
tests. This behavior occurred in the 0.625-inch 2219-T87 aluminum base metal at 
a l l  test temperatures, and in  the 0.200-inch 5A1-2.5 Sn titanium (base metal and 
weldments) at  test temperatures of -320OF and -423OF. In a l l  other cases (except, 
of course, where only incremental growth tests were performed) the flaw grew through- 
the-thickness prior to failure. These two types of behavior were not unexpected: 
i f  the cr i t ical  f law depth at the maximum cyclic stress i s  less than the thickness, 
failure before growing through wi l l  result. Conversely, i f  the crit ical f law size i s  
greater than the thickness, then breakthrough before failure results. The cyclic 
failure mode of the following combinations were thus unexpected: 

1 .OO -inch aluminum welds at -423OF. 
0.063-inch aluminum base metal at -320OF and -423OF. 
0.020-inch titanium at -423OF. 
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In each of these cases, the prior static tests had produced failures at stresses well 
below yield strength e Failure before breakthrough would then have been predicted 
at  similar cyclic stresses and flaw shapes, yet, the flaws grew through the thickness 
prior to failure i n  each instance. For example, compare the static and cyclic 
behavior of  the 1 .OO-inch aluminum welds at -423OF. Static specimen 3AW9OH-3 
(see Table 49) contained an init ial  flaw 0.835 inches deep by 2.895 inches long, 
and failed statically at a gross stress of 18.8 KSI. Cyclic specimen AWC65H-4 
(see Table 84) contained a smaller ini t ial  flaw (0.645 by 2.080-inch), and was 
cycled at a slightly higher maximum stress, 20.0 KSI. Instead of failing, the flaw 
grew through in  148 cycles. Final flaw length was slightly greater than 3.0 inches. 
The bottom of the flaw had penetrated the thickness for a length of about an inch. 
Similar comparisons between static and cyclic behavior can be made for the other 
combinations noted above. This i s  discussed in  more detail i n  Section 5.5. 

Regardless of the fracture mode, cyclic growth rates can be calculated by differen- 
tiating cyclic l i fe  curves of the various sets of data. Where test conditions 
resulted in  cyclic failure, this involved first making a plot of applied init ial  stress 
intensity (including appropriate magnification from Figures 57 and 58) versus cycles- 
to-failure for a l l  specimens of  a given thickness and test temperature. Where the 
flaws grew through-the-thickness before failure, the rate data were obtained by 
first plotting the init ial  flaw size versus cycles-to-leak. Note here, though, that 
for any test condition, different cyclic stress levels result in a different curve of 
(ai) versus cycles-to-leak. Thus, only one stress level was used for each of these 
cases 

From the resulting plots (of either KI versus cycles-to-fail or a i  versus cycles-to- 
leak) curves were faired through the data points, and these curves were then dif- 
ferentiated. The resulting rate curves are shown in Figures 60 through 62 for the 
titanium base metal and welds, Figures 63 through 65 for the aluminum base metal, 
and Figures 66 through 68 for the aluminum weldments. Note that on several of 
these curves average rates from incremental growth tests are included a These points 
usually involved tests of thick stock incrementally cycled at lower-than-normal 
stress levels (and thus lower K levels) so that rough comparisons between "thick" 
and "thin" growth rates could be compared at a fixed K level. Additionally, where 
growth rates had been established earlier for similar materials (Ref. 1 I), these rates 
are included for direct comparison. 

Observation of the data i n  Figures 60 through 68 leads to the following general 
comments: 

(1) For the titanium (Figures 60 through 62) at  a given thickness, test 
temperature, and stress intensity, the base metal growth rates are com- 
parable to weldment growth rates, Growth rates are significantly 
higher at  room temperature than at either -320OF or -423OF. At all 
temperatures, growth rates at a given calculated stress intensity of the 
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0.020-inch stock are higher (by a factor o f  about 100) than that of the 
thicker material Minor differences in rates exist at reduced tempera- 
tures between the 0.200-inch material tested herein and similar gages 
of Reference 11; however, this appears to be attributable to inclusion 
of  magnification factors for the 0,200-inch data. 

For the aluminum base metal (Figures 63 through 65) i t  i s  seen that 
growth rates are essentially unaffected by test temperature. Rates for 
the 0,063-inch stock are consistently much higher than for the 0,625- 
inch specimen tests. Note in  Figure 64 that two additional series of 
tests were performed. The first involved testing of 0.063-inch speci- 
mens machined from 0.625-inch stock. The resulting rates fal l  on the 
same curve as the 0.063-inch wrought specimens. Secondly, the 
series of intermediate thickness tests (0.100-inch thick) are seen to  be 
at rates between the two extremes of  thicknesses. As with the titanium 
data, growth rates of the 0.625-inch (longitudinal) are somewhat lower 
than that of similar gages reported i n  Reference 11 (note transverse 
grain). Some, but not all, of this difference can be attributed to inclu- 
sion of magnification factors i n  the K values of the 0.625-inch data 
(these factors reached a maximum of about 1.05). The remaining dif- 
ferences probably represent the effect of grain direction: the more 
pronounced delamination tendencies in  the longitudinal direction may 
tend to retard flaw growth. 

(3) For the aluminum weldments (Figures 66 through 68) it i s  seen that, 
while growth rates are higher, trends similar to that of the aluminum 
base metal exist. That is, rates are relatively unaffected by test tem- 
perature and rates for the thin (0.125-inch) stock are much higher than 
that of  the thick (1 .OO-inch) stock. 

The most significant of the above-noted observations i s  that of the large differences 
in growth rates of the thin stock with respect to that of the thick specimen tests. 
Recall that for the titanium at cryogenic test temperatures and for the aluminum base 
metal at a l l  test temperatures, magnification was included in the thick specimen 
stress intensity values and was not included in  the thin specimen stress intensity 
values. This procedure was adopted to maintain consistency with observed static 
test behavior, Note in  Figure 61 that rate curves are shown for the 0.020-inch 
base metal tests, both with and without magnified stress intensities. The result, of  
course, forces better agreement i n  the right-hand portion of the curve (note that 
increasing init ial  flaw depths are involved in this area) but has a decreasing effect 
for the shallower flaws which make up the left-hand portion of  the curve. It i s  
concluded that differences i n  magnification alone cannot account for the observed 
differences in behavior. 
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Additionally, as noted by Hall (Ref, 12), there i s  reason to believe that flaw growth 
rates should vary between specimens of  widely different flaw shapes, It was esti- 
mated that the growth rate of long flaws (a/2c=O) should be between two and five 
times higher than that of  semicircular flaws. Note that for the data described in  
Figures 60 through 68, a l l  of the thinner stock involved a/2c values of  about 0.05; 
the th ick stock contained flaws with a/2c values of about 0,30 to 0.40. It appears 
that this variable could account for some of the difference in observed rates between 
the thick and thin data, but certainly not a l l  of it. 

5.5 Comparison of Static and Cyclic Data 

As a result of the observations noted in the previous paragraphs, the major areas of 
concern involve: (1) large variations in  the effect of flaw depths on static fracture 
behavior of the various materials and test conditions; and (2) large differences in 
cyclic flaw growth rates with variations in  thickness. Possibly, a better understand- 
ing of  these phenomena can be provided by additional study of the results of the 
different types of tests performed, but with an eye toward discovering possible fac- 
tors common to the flaw growth or fracturing behavior involved in the different types 
of tests, 

For example, review of the thin stock cycl ic data reveals that i n  two series of tests, 
flaw growth through the thickness occurred on the first cycle. These involved the 
0.063-inch and the 0.100-inch 2219-T87 base metal tests at -32OOF. The cycl ic 
l i fe  curves associated with these tests are shown in  Figure 69. As seen, the curves 
are plotted in  terms of ini t ial  flaw depth versus cycles-to-leak, Incidentally, these 
are the same type of curves which were drawn and differentiated to obtain the 
growth rate curves presented in  Section 5.4. Note that the curves faired through 
the points would intersect the ordinate (the one-cycle line) at  a flaw size less than 
the thickness. In fact, two 0.063 specimens (one cycled to 51 KSI gross stress and 
one to  61 KSI) did grow completely through on the f i r s t  cycle. Of the 0.100-inch 
data, i t i s  seen also that two specimens grew through on the first cycle, In terms 
relatable to the growth rate curves shown earlier, these four specimens represent 
average rates ranging from 16,000 to above 30,000 micro-inches per cycle (in other 
words, rates more than another order of  magnitude greater than plotted in Figures 
63 through 65). This observation leads to the following: 

First, rough approximations for these thin specimens show that on the 
last cycle before flaw breakthrough, the plastic zone ahead of the 
flaw occupies most i f  not a l l  of  the remaining unbroken ligament. In 
other words, i n  the flaw depth direction, there i s  l i t t l e  i f  any elastic 
material between the flaw and the back surface. Therefore, even 
though the nominal applied stress is elastic, the flaw front i s  effectively 
subjected to  a completely plastic field. The result might not be unlike 
the problem of cyclic behavior of shallow flaws in thick-walled struc- 
ture cycled to very high cross-section stresses. An example of this was 
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published in Reference 1 1  e Figure 70, reprinted from Reference 1 1 ,  
illustrates the point fw5AI-2.5 Sn base metal, 0,188-inches thick, 
and cycled at  various stress levels in liquid nitrogen. Note that at 
maximum gross cycl ic stresses from about 115 to 160 KSI, the cyclic 
lives are in  excellent agreement with predictions based on end-point 
data. However, at cyclic stresses of  175 KSI (approaching 98 percent 
of yield strength) the cycl ic growth increased by a factor of from seven 
to forty times above that expected. 

Secondly, consider the imp1 ication of the one-cycle-to-brea kthrough 
in terms of static fracture behavior. Recall that one of the 0.063-inch 
thick cyclic specimens (specimen ABC48N-5 in  Table 80) contained an 
init ial  flaw which was 0.048 inches deep. The flaw grew through the 
thickness on the first 51-KSI cycle. Additionally, from Table 40, it i s  
seen that a l l  corresponding static specimens failed at  stress levels 
above 53 KSI. he actual range of fracture stresses was 53.1 to 56.7 
KSI. The range of ini t ial  flaw depths was 0.046 to 0.057 inches. It 
i s  suggested that in some, i f  not i n  all, of these fracture tests, the 
flaw grew through the thickness (without becoming critical) well 
before the time that the maximum failure load was reached. If this i s  
true, then fracture would be controlled by through-crack considera- 
tions, and, obviously, surface crack solutions would not be meaningful. 
To check this possibility, the thin stock static data was again reviewed 
in  an attempt to see i f  a correlation existed between the static surface 
flaw test results and the static center crack test results. The assumption 
was made that i f  the surface flaw grew through the thickness (under 
stable conditions) prior to rapid failure, then the failure stress should 
be predictable by considering the KCN value and a through-crack 
length (2a) comparable to the init ial  surface flaw length (2c). Unfor- 
tunately, for most of the materials involved, this would result in  net 
section stresses too close to (or even exceeding) the yield strength, and 
thus not within the realm of  applicability of the KCN values. However, 
the thin-gage titanium tested at -423°F failed at low enough stress 
levels to provide a comparison. Figure 71 shows the results. The solid 
curve represents the conventional stress-flaw size relationship for 
through crack of ini t ial  lengths (2a) and the experimentally determined 
KCN value of 104.7 KSI me The curve is computed based upon a 
finite width specimen equal in  width to the surface flaw specimens 
(i.e., 4.00 inches), Superimposed on the figure are corresponding sur- 
face flaw data points (from Tables 24 and 25). The points now are 
plotted in  terms of gross area failing stress versus init ial  surface crack 
length (2c), The striking correspondence observed in  the thru-crack 
and surface flaw data strongly suggests that these surface flaws did 
break through, under stable conditions and, indeed, did fail as through 
cracks. Similar check were made on the other groups of thick 
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(3) 

(4) 

specimens, but, as expected, no good correspondence was noted except 
possibly that noted i n  the next item. 

The above-noted studies lead to the belief that large amounts of  stable 
growth can occur during the rising load portion of either cyclic or 
static fracture tests. It i s  believed that this occurred, to some extent 
i n  a l l  the static tests performed on the series of “thin” stock (i.e., at 
al l  temperatures for the 0,020 titanium, the 0.063 aluminum base 
metal, and the 0.125 aluminum weldments). At the one extreme, this 
growth can result in the flaw completely penetrating the back side well 
before reaching critical stress intensities. The material/thic kness com- 
binations noted above are, i n  each case, those in which deep flaw 
magnification was not observed. The only other series of tests i n  which 
elastic failures prevailed, but in which no deep flaw magnification was 
apparent, were the 1 .OO-inch aluminum weldments tested at cryogenic 
temperatures and the 0.200-inch (long flaws) titanium at room tempera- 
ture. This fact led to another review of  the cyclic test specimens for 
the corresponding materials. Close examination of  the fracture faces of 
the 1 .OO-inch aluminum weldments revealed, in most cases, signs of  
two slightly different textures occupying the area between the in i t ia l  
and the final flaw size,, Figure 72 i s  a fractagraph of one of  these 
specimens. Based on the prior discussions, it might be assumed that 
these differences in texture actually represent the differences resulting 
from stable growth on the first cycle, as opposed to a more uniform 
growth on subsequent cycles. Accordingly, the fracture faces of each 
of the 1 .OO-inch weldment cyclic specimen was reviewed, and the 
assumed first cycle growth was measured and recorded. Study of  this 
data resulted in  the conclusion that this “first-cycle” growth appeared 
to be related to the applied stress intensity. This i s  illustrated in 
Figure 73. As noted, at KI  values below about 15 KSI m, no growth 
i s  seen, but at  higher K levels, at a l l  test temperatures, this growth 
increased rapidly. 

As noted above, the only other set of  static data which did not display 
a deep flaw effect was the 0.200-inch titanium tested at room tempera- 
ture. Observation of  the fracture faces of the cyclic specimens in this 
series of tests failed to  reveal distinct markings which might be con- 
sidered to be evidence of large first cycle growth. One specimen 
(number TBC12R-5) contained a faint line between the init ial  and final 
flaw, but certainly not conclusive. 

While there remains a question regarding the growth characteristics of the 0.200- 
inch titanium tested at room temperature, there i s  considerable evidence to suggest 
that relatively large amounts of stable growth can occur during the rising load por- 
tion of  either static or cyclic tests. The factors controlling this occurrence are not 
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fu l ly  understood, However, it is significant that it is not necessarily l imi ted to the 
thin section, deep flawed tests (e.g. , the 0.063 inch aluminum and the 0.020-inch 
titanium). Large amounts of growth apparently occurred in f i f ty  percent deep flaws 
in the one-inch aluminum welds. Thus, neither thickness, nor a/t values alone are 
responsible. Rather, i t  appears that this phenomenon may be related to the plastic 
zone sine ( p )  in relation to the thickness of the remaining ligament (tn) below the 
flaw. If this i s  true, one can speculate on the effect of varying p/tn or p/t values 
on fracture and flaw growth behavior. A schematic model is shown in Figure 74. 
Assume that for a given material and test temperature, specimens of different thick- 
nesses (ti > t2 > t3 >t4) are tested statically with identical f law shapes but with several 
a/t values for each thickness. The data i s  then plotted i n  terms of Klc (from equa- 
tion 3, and using init ial f law size and maximum load), The resultant set of data 
might plot as shown in  the figure. For the largest thickness, ti, the calculated 
toughness value would first increase with increasing a/t values until the net section 
stresses are below the yield strength, With further increase in  a/t, the calculated 
toughness would drop, to reach a minimum when the plastic zone engulfs the remain- 
ing ligament (as discussed i n  Section 5.2). With increased thickness, the curve of 
t i  in  Figure 74 would not change materially. However, with reduced thickness 
(t2), the test results are such that there i s  a lessened effect of increasing a/t. With 
another decrease i n  thickness (t3), the curve flattens out because of combinations 
of plasticity and sitable flaw growth effects; that is, the actual critical f law size i s  
larger than estimated and thus the actual maximum K l c  value i s  not calculated. 
Finally, as the thickness is further reduced (t4) growth through the thickness occurs 
prior to reaching maximum load, and the resulting .calculated K i s  (though fictitious) 
completely unaffected by a/t value. It i s  speculated that each of these behaviors 
occurred i n  the program, as follows: 

0.200-inch titanium at -3X)OF and -423OF --- equivalent to t i  

0.625-inch aluminum at al l  temperatures --- equivalent to t2 

0.200-inch titanium at room temperature --- equivalent to t3 

1.00 -inch aluminum weld at a l l  temperatures --- equivalent to t3 

AI I other combinations --- equival ent to t4 

With regard to static tests, then, the above i s  offered as a possible explanation of 
the behavior experienced as to whether deep flaw magnification was observed or 
not. The difference in behavior of thicknesses t i  and t2 may explain some of the 
differences in  apparent MK values noted i n  Figure 57 as opposed to those of 
Figure 58. 

With regard to cyclic behavior, for a given material, growth rates at moderate 
stress levels increase with decreasing thickness. For thicknesses t i  and t2, the 
flaw would not grow through the thickness prior to failure, For thicknesses t3 and 
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flaw growth through the thickness would occur prior to failure, even at  cyclic t4f 
stresses approaching the materials yield strength. 

5 . 6 Design and Analysis lmpl ications 

Several p a s t  studies (Ref. 8, 1 1 ,  and 12) have dealt with the problem of applying 
fracture data and analytical methods in  the areas of (1) material selection; (2) the 
estimation of failure modes and structural life; and (3) the determination of  non- 
destructive inspection acceptance I imits. At first, these studies involved structures 
i n  which init ial  and critical flaws were small with respect to the thickness. In such 
cases, analytical methods were shown to be adequate. With time, though, several 
instances arose which involved deep flaws in thinner gages. Because sufficient 
experimental data was not usually available, certain analytical assumptions were 
required to be made. Primarily, these involved (1) the use of Kobayashi's magnifi- 
cation (Figure 3), and (2) it was assumed that cyclic flaw growth rates from thick 
walled tests could be used i f  adjusted for the magnified stress intensities. It was a 
major objective o f  the program reported herein to assess the adequacy of these 
assumptions. Based upon the findings of this program, it i s  seen that deep flaw mag- 
nification levels can be somewhat higher than assumed by Kobayashi. In certain 
cases, this would result in an error i n  failure mode predictions for a given vessel 
Where the plastic zone size i s  relatively small, cyclic flaw growth rates do not 
vary significantly with increased flaw depth to  thickness ratio. On the other hand, 
it i s  seen that cyclic l i fe can be greatly underestimated for the thinnest cases. 
Fortunately, in  this category, the failure mode i s  leakage, not catastrophic failure. 

Additional experimental work i s  required to  resolve the above noted shortcomings. 
In  the interim the following suggestions are made: 

(1) Where sufficient data i s  not available, assume that deep flaw magnifi- 
cations are as shown i n  Figure 57. 

(2) Where the calculated plastic zone size i s  small (ecg., less than ten 
percent of the thickness) cyclic flaw growth rates can be predicted by 
using thick walled data adjusted by the above noted magnifications. 

(3) For thinner stock, experimental cyclic growth rate data obtained by 
maintaining strict similitude between test specimen and vessel gages i s  
considered mandatory. 
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6.0 OBSERVATIONS AND CONCL US 

Some observations and conclusions relative to the 5A1-2.5 Sn titanium and 221 9- 
T87 aluminum tested herein are applicable to most metallic materials. These are 
as follows: 

For a given material, i f  the thickness is relatively large with respect to the 
surface f law plastic zone sizle, a deep flaw stress intensity magnification 
exists which increases with increased flaw depth and decreased a/2c values. 
This behavior was observed i n  the 0.200-inch titanium base metal and 
weldments tested at -32OOF and -4B°F, and the 0.625-inch aluminum base 
metal tested at all temperatures. 

For somewhat thinner gages (relative to the plastic zone size) stable flaw 
growth and increased plasticity effects result in an effect which makes i t  
appear that deep flaw magnification does not exist (i. e., a curve resulting 
from a plot of Irwin's K versus a/t i s  approximately horizontal). Rather, it 
i s  believed that KIC values are underestimated at low a/t values, even 
though failure might occur at net section stresses well below yield strength. 
This behavior was observed i n  the 1 .OO-inch aluminum weldments at reduced 
test temperatures, and probably in the 0.200 -inch titanium base metal and 
we1 dments at room temperature. 

With an additional reduction in  re1 ative thickness/plastic zone size, fracture 
occurs after the surface flaw penetrates the back surface. In this case the 
failure mode i s  actually that of a through-the-thickness crack. It i s  believed 
that this behavior occurrred in  the 0.OX)inch titanium base metal and weld- 
ments at all test temperatures, in the 0,063 inch aluminum base metal at all 
test temperatures, and in  the 0.125-inch aluminum weldments at all  test 
temperatures a 

As thickness decreases per the above items, cyclic flaw growth rates increase 
much more rapidly than previously expected, 
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APPENDIX A 

MATERIAL COMPOSITION 
(% By Weight) 

5,4142.5 Sn Titanium Plate - 
Thick- 
ness 

e 20 

.20 

Heat 
No. 

G -7622 

303268 

293622 

7909 

G-8818 

G-1207 

. i 5  ,008 f .06 .007 

AI H Sn M n  O2 Remarks 

5.0 .005 2.6 .003 .060 Used for most 
static base 
metal tests 

5.5 .007 2.6 .010 .lo9 Usedformart 
cycle base metal 
tests and f ive 
base metal tests 

221 9487 Aluminum Plate 

5Al-2.5 Sn Titanium Weld Wire 

Mo 

.02 Max 

zn 

.10 Max 

.090 

- 
.080 

Used only for 
weld specimens 

Used for both 
base metal and 
weld metal 

T I  I Fo 

.10 k x  

.02 Mln 
.30 Max 

~1 
.05 Mln .10 Min 

23 19 AI erminum We1 d Wire 
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APPENDIX B 

WELD1 N G PARAM ET ERS 

Welding Parameters: 0.040-inch Titanium 

Single Pass Weld 

Fil ler Alloy: 5A1-2.5Sn-Ti 
Torch Gas: 90 CFH 100% He Weld Position: Downhand 
Back-up Gas: 15 CFH 100% AR Weld Process: DCSP-GTA 
Electrode Size: 3/32" 2% Thoriated Tungsten 
Electrode Configuration: -Start Point 
Hold-Down Finger Spacing: 4/32'' 
Fil ler Wire Diameter: -0.045 
Amperage: 85-90 
Voltage: 11.5 No trailer was used for these welds. 
Travel Speed: 20-IPM 
Wire Speed: 10-IPM 

Gas Cup Orfice: 1/2 inch-ID 

We1 ding Parameters: 0.200-inch Titanium 

Two Pass Weld from One Side 

Filler Alloy: 5A1-2.5Sn-Ti Weld Position: - Down Hand 
Torch-Gas: 100 CFH - He Weld Process: - DCSP-GTA 
Back-up Gas: 45 CFH -He Gas Cup Orfice: 1/2 inch 1. D. 
Trailer Gas: 70 CFH - He Back-up Groove: 0,400 inch 
Edge Groove Gas: 10 CFH - He 
Electrode: 1/8 inch 2% Thoriated Tungsten 
Electrode configuration : 0.040 BI unt End 
Electrode Stickout: 1/4 inch 
Hold Down Finger Spacing: 0.400 inch 
Filler Wire Diameter: 0,062 

Penetration Pass: - Filler Pass: 

AMPS 230 -250 AMPS 1 85 -200 
Volts 9,5-10 Volts 11 
Travel Speed 6-IPM Travel Speed 6-1 PM 
Wire Speed None Wire Speed 23-1 PM 

Variations in  amperage and voltage on the above weld setting were due primarily to 
moving from one power supply to another, midway through this phase of the program. 
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Welding Parameters: 0.125-inch aluminum 

One and Two Pass Weld from One Side 

Fi l ler  Alloy: 2319 Aluminum-,063 
Torch Gas: 90 CFH 100% He 
Electrode Configuration: Sharp Point 
Electrode Stick-Out 1/2 inch 
Electrode: 1/8" 2% thoriated tungsten 
Finger spacing 1/2 inch on each side of joint 
Pass # 1 
Amps - 90 
Volts - 13.5 
Travel Speed - 8-IPM 
Wire Speed - 20-1PM 

We1 ding Parameters : 1 . OO-inch al uminu m 

Joint Thickness - 0.125 inch 
Weld Position: Down Hand 
We1 d Process : DCSP-GTA 
Gas Cup Orif ice 5/8 inch 

Pass #2 if needed for fill 
Amps - 90 
Volts - 14 
Travel Speed - 10-IPM 
Wire Speed - 10-IPM 

Fi l ler  Alloy - None 
Torch Gas: 110 CFH 100% He 
Electrode: 3/16 2% Thoriated Tungsten 

Weld Position - Down Hand 
Weld Process - DCSP-GTA 
Gas Cup Orif ice 5/8 inch 

Electrode Configuration: Rounded tapered point, blunt end 
Electrode stick-out: 1/2 inch 
Fusion Pass: 1 s t  Penetration Pass : Side # 1 
Amps - 200 Amps -400 
Volts - 12.1 
Travel Speed - 15-IPM 
Wire Speed - None 

Side # 2  parameters were the same as above used for side $1. 

Volts - 12 
Travel Speed - 3-IPM 
Wire Speed - None 
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0. 
0 

/ 
Kobayorhi's Solution F a  / 

a/& Values < 0.30 

Smith's Solution far a/& = 0.50 

Figure 3: STRESS INTENSITY MAGNIFICATION FACTORS FOR 
DEEP SURFACE FLAWS 

a , DEGREES 

Figure 4: STRESS INTENSITY FACTOR FOR A SEMI-CIRCULAR 
SURFACE FLAW 
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a ,  DEGREES 

Figure 5: STRESS NTENSITY FACTOR FOR A SEMI-ELL PTlCAL SURFACE FLAW 

dt 

Figure 6: ELASTIC STRESS INTENSITY M A G N  ON FACTORS FOR DEEP 
SURFACE FLAWS (Estimations by F, Smith) 
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Figure 9: END VIEW OF WELD TOOLING USED FOR TITANIUM WELDlNG 

Figure 10: WELD DISTORTION IN 0.125 CK 2219-T87 ALUMINUM PANEL 
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Figure 13: MECHANICAL PROPERTY SPECIMEN FOR 5AL-2.5Sn (ELI) TITANIUM 
AND 221 9-T87 ALUM1 NUM (Base and We1 d Metal) 
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Figure 15: SURFACE FLAW SPECIMEN FOR 5AL-2.5Sn (ELI) TITANIUM 
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Figure 16: SURFACE FLAW SPECIMEN FOR 5AL-2,5Sn (ELI) TITANIUM 
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Figure 19: SURFACE FLAW SPECIMEN FOR 2219-T87 ALUMINUM 
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- Figure 20: SURFACE FLAW SPECIMEN FOR 221 9-T87 ALUMINUM 
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Figure 21: SURFACE FLAW SPECIMEN FOR 2219-T87 ALUMINUM 
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Figure 23: SURFACE FLAW SPECIMEN FOR 2219 ALUMINUM WELD 

Sym-- 
Within .01 

(IO Placos) Weld Mota1 Only 
Mako From .I25 Thick Plate 
All Dimensions In Inches 
Grind Weld Bead Flush Within +, .01 On Both Sides 

Figure 24: -SURFACE FLAW SPECIMEN FOR 2219 ALUMINUM WELD 
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Figure 30: TEST SETUP FOR FATlG 
N 0,020 [NCH THICK TITABN1UM SPEClMEN 

52 



Figure 31: HORIZONTAL 350 KIP TEST MACHINE USED TO CYCLE AND STATIC TEST 
LARGER ROOM TEMPERATURE AND 420OF SPECIMENS 

Figure 32: LH2 CRYOSTAT 
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, 
LEGEND: 

+ - a/2c = , IO 
.-a/2c= .4O 

.20 .40 .60 .80 1 .  
I 

a I t  

Figure 42: EFFECT OF FLAW DEPTH ON APPARENT K VALUES 
(t = 0,625", 2219-T87 Aluminum Base Metal @ -423OF) 

a h  

EFFECT OF FLAW DEPTH ON APPARENT K VALUES Figure 43: 
(t = 0,200", 5A1-2.5Sn Titanium Base Metal @ -423OF) 
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Figure 44: BASELINE K S CTlQN ERA 
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'0 

Figure 45: EFFECT OF FLAW DEPTH ON APPARENT K VALUES 
(t = 1,00", 2219 Aluminum Weld Metal @ R,T,) 

Figure 46: EFFECT OF FLAW DEPTH ON APPARENT K VALUES 
(t = 1,00", 2219 Aluminum Weld Metal @ -320OF) 
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IO 

Figure 47: EFFECT OF FLAW DEPTH ON APPARENT K VALUES 
(t = l.OO''f 2219 Aluminum Weld Metal @ -423OF) 

' Y  

d t  

Figure 48: EFFECT OF FLAW DEPTH ON APPARENT K VALUES 
(t = 0,063", 2219-T87 Aluminum Base Metal @ -423 OF) 
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Figure 49: EFFECT OF FLAW DEPTH ON APPARENT K VALUES 
(t = 0,020", 5A1-2,5Sn Titanium Weld Metal @ -423OF) 

1 

c 
S 

U a 
8 

Figure 50: EFFECT OF FLAW DEPTH ON APPARENT K VAL 
(t = 0,020", 5A1-2.5Sn Titanium Base Metal @ 

UE S 
-423OF) 
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a h  

APPARENT MAGNIFICATION - DATA Figure 51: 
(t = 0,200", 5AI -2,5Sn Titanium, a/2c = e 12 - .19) 

Figure 52: APPARENT MAGNIFICAT 
(t = 0, ZOO", 5Al-2,5Sn Titanium, a/2c = 21 - 24) 
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Figure 53: APPARENT MAGNIFICATION - DATA 
(t = 0,200", 5A1-2,5Sn Titanium, a/2c = .33 - ,41) 

Figure 54: APPARENT MAGNIFICATION - DATA 
(t = 0,625", 2219-T87 Aluminum, a/2c = .09 - .11) 
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Figure 55: APPARENT MAGNIFICAT 
(t = 0,625", 2219-T87 Aluminum, a/2c = .25 - .27) 
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ii 
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8 1.4 

1.; 

Figure 56: APPARENT MAGNlFlCATlON - DATA 
(t = 0,625", 2219-T87 Aluminum, a/2c = .35 - .40) 
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Figure 57: DEEP FLAW MAGNIFICATION CURVES 
(t = 0,200", 5A1-2,5Sn Titanium Base Metal 
(Transverse) & Weldment @ 32OOF & 4 2 3 O F )  

a/t 

DEEP FLAW MAGNIFICATION CURVES 
(t = 0,625", 2219-T87 Aluminum Base Metal, 
Longitudinal Grain, @ R.T., 432OOF & -423OF) 

Figure 58: 
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LEGEND: 

- - Constant Cycl es to Failure 
Curves Derived from Average 
K l i  vs N Curve (Figure 33) 

- 0 Uniaxial Specimens 

140 24 
0 .  

Note: Numbers next to data points 
indicate cycles to failure 

01 0.02 0.03 0.04 0.05 0.06 0.07 0,08 0, 

Initial Flaw Size, (a/Q), In. 

Figure 70: CYCLIC FLAW GROWTH DATA FOR 5A1-2.5Sn (ELI) TITANIUM 
@ -320 OF ( 50-100-50 Load Profile 1 
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Numbers Refer to (a/t) i Values 

.a 
a 

Sudace Flaw Length (2c) 1 (inches) 
Through Crack Length (2a) 

Figure 71 : COMPARI SO 
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Initial Crack 

/- rEDM 

,!- Assumed Growth 
[Final Flaw Size on First Cycle 

Figure 72: FRACTOGRAPH OF A CYCLIC TEST SPECIMEN (t = 1.00", 
2219 Aluminum Weldment @I -320 OF, Specimen No. AWC 80N-5 ' 
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SPE( 

TB16R-1 

TB16R-2 

T B l T R 3  

TBl7R-4 

TB18R-5 

TB18R-6 

T B 1 9 R 3  

TB19R-4 

-sT 2 E z 
CI 

0) 

0.210 

0.209 

0.212 

0.207 

0.221 

0.202 

0.210 

0.213 

- 
c 
6 e 

13.490 

13.490 

13.504 

13.492 

13.506 

13.515 

13.512 

13.510 
P 

T 

RT 

RT 

RT 

RT 

RT 

UT 

RT 

RT 
u_. 

_8__ 

Air 

Air 

Air 

Air 

Air 

Air 

Air 

Air 
- 

IDDTBONS FRAC 
__o_ 

E DI - 

0.073 

0.076 

0.065 

0.049 
0.076 

0.067 

0.067 

0.078 

~ 

0.90 
0.91 

1.02 

0.93 
0.92 

0.89 

0.90 
_I_f 

74.21 

76.17 

72.73 

86.05 

80.54 

76.29 

74.35 

78.25 

~ 

NOTE: % d e  from Heat 303268. .Other specimens we from Herd 6-7622. 

SPECIMEN 

f pa 
(4 

iasassr 

6.998 

7.002 

6.998 
6.998 
7.002 

6.997 

3.259 

4.751 

6.998 
13.m 

7.001 
__p 

TI - 

tz 
E. 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT - 

Ah" 

Air 

Air 

Air 

Air 

Air 

Air 

Air 

A h  

Air 

Air 
_I__ 

DOTBC - 

96.9 

95.2 

04.4 
02.7 
99.8 

98.7 

80.6 
86.0 

98.7 

105.9 

97.6 
___r 

A 

NOTE: All Specimens from Heat G-7622. 
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9: STATIC FRACTUPE TOUGHNESS DATA, 
0,20 inch Thick, 5AI-2-5 Sn Titanium Base Metal - 

Tab1 e 10: STATIC RACTLlRE TOUGHNESS DATA, 
0,x) Inch Thick, 5AI -2,5 Sn Titanium Base Metal 0 

Transverse Grain, a/2c = .25, -3X)OF 

TB08N-3 

TBOIN-4 

TB12N-2 

TB12N-3 

TB15N-8 

TB15N-9 

TBlSN-6 

TB18N-7 

0.210 

0.21 1 

0.21 2 

0.212 

0.219 

0.216 

0.21 1 

0.210 
~ 

87 



SPE 

TB08N-1 

TB08N-2 

TBl2N-6 

TB12N-E 

TB15N-7 

TB15N-12 

TBl8N-5 

iB l8N-4  

0) - 
0.219 

0.216 

0.218 

0.203 

0.219 

0.21 9 

0.219 

0.203 - 

3.257 

2.754 

3.2 

3 ~ 245 

3.251 

3.24.4 

3.252 

3.2 

172.7 

174.7 

153.9 

159.4 

118.0 

110.8 

1 m. 
131.2 

~ 

IS 

175.5 

179.6 

159.3 

165.6 

124.8 

117.0 

111.0 

145.0 

O F  - 
E D, - 

42. - 
0.395 

0.3641 

0.374 

0.357 

0.381 

0.382 

0.372 

0.366 - 
* Mode from Heat 303268. Other Specimens me from Hed G-7622 

OUGHNESS D 

TB08H -2 

TB08H4 

TB12H-6 

TB12H-7 

TB15H-6 

TB15H-7 

TB18H-6 

TB18H-7 

0.217 

0.222 

0.214 

0.223 

0.220 

0.218 

0.217 

0.214 
~ 

5.990 

5.995 

6.998 

6.996 

6.996 

6.996 

7. OOO 
6.995 - 

-423 

-423 

-423 
-423 

-423 

423 
-423 

-423 
p__ 

_p_. 

1.088 

1.096 

1.010 

1.190 

1.202 

1.295 

A 

88 



Table 13: STATIC RPACTLRE TOUGHNESS DATA, 

SPEl 

P 

TB08H-1 

TB08H-2 

TB12H-4 

TBI  2H-5 

TB15H-4 

TBI 5H-5 

TB18Hd 

TBI  8H-5 

IMEN 

C 
1 

_s 

’1 - 

L 
I- P‘ 
II 

-423 

-423 

-423 

-423 

-423 

-423 
-423 

-423 - 

x) Inch Thick, 5AI-2.5 Sn Titanium Base Metal - 
rse Grain, a/2c = -40. -423OF - E 

1 E  
g! 
(“3 
_I 

143.6 

164.1 

150.9 

114.9 

90.4 

88.1 

73.4 

78.7 - 

- 
f 
t az 
c -  
If 

2c - 
0.215 

0.182 

0.300 
0.278 

0.350 

0.356 

0.420 

0.420 - 
* Heat No. 303268, Other Specimens from Heat G-7622. 

Table 14: STATIC FRACTURE TOUGHNESS DATA, 

1 - 
0.73 
0.83 

0.79 

0.59 

0.47 

0.46 

D.40- 

D.42 - 

Y 

“K 

58.56 1.025 

61.50 0.976 

73.45’ 

53.28 1.126 

46.78 1.283 

46.02 1.304 

45.23 1.327 

44.80 1.339 

** Made from Heat G-8818. Other Specimens from Heat 25’3622. 
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NOTE: All Specimens from He& G-7622. 

JOTE: All Specimens from Heat G-7622. 
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NOTE: All Specimens from Heot 293622. 

le 18: STATIC FRACTURE TOUGHNESS DATA, 
0,20 Inch Thick, 5AI -2.5 Sn Titanium Weld Metal, 
a/2c = -40, 4B°F 

NOTE: All Specimens from Heat 7909. 
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NOTE: All Specimens Made from Heat Number G-7622. 

NOTE: All Specimens Made from Heat Number 7909. 
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e 22: M E  TOUGHNESS DATA, 
ck, 5AI-2.5 Sn Titanium Bse 
in, a/2c = .05, -320°F 

SPE 

9 

TB17N-1 

TBI 7N -2 

TB15N-1 

TB15N-2 

TB18N-1 

TB1 EN -2 

TB 1 9N  -1 

TB19N-2 

TB15N -5 

TB14N-la 

TB18N-2' 

MEN 

* Milled from .XI inch Thic 
I I I I 

'late Heat Number G-7622. 

e 23: STATIC FRACTURE TOUGHNESS DATA, 
0.020 Inch Thick, 5Al-2.5 Sn Titanium Base Metal - 
Transverse Grain, a/2c = 15, -320OF 

SPECIMEN 

3,998 

4.001 

3.998 

4.001 

3.997 

4.003 

3.998 

4.002 

4. ooo 
3.999 

93 



0.647 

0.657 

0.792 

0.81 2 

0.887 

0.887 

0.936 

0.941 

0.804 

0.842 - 

' M E  DATA 

* Milled from .20 Inch Thick PIute Heat Number G-7622. 

* Fatigue Sharpening Incomplete. 

94 



able 26: STATIC FRACTURE TOUGHNESS DATA, 
0 , 020 lnch Thick, 5AI -2,5 Sn Titanium \ 

l e  27 : STATIC FRACTURETOU 
0,020 lnch Thick, 5AI- 
a/2c = , 05, 420OF 
TEST CONDITIONS I 

I I I 

3HNf 
!,5 Sr 

- 
f 
t 
b '  
G 

2c 

0.325 
0.350 

0.370 
0.400 

0.360 
, O . #  

- 

SS D/ 
Titan 

- 
FRAC 

dt 

0.854 
0.005 

0.909 

0.927 

0.754 

0.874 

- 

TA, 
ium Weld Metal, 

0.052 

0.049 

0.049 

0.048 
0.042 

0.045 

* Milled from .20 lnch Thick Weld from Plate Heat Number G-7622. 

le 28: STATIC FRACTURE TOUGHNESS DATA, 

MEN 

0,020 Inch Thick, 5AI-2,5 Sn Titanium Weld Metal, 
a/2c = 15, 4 2 0 O F  

95 



* Milled from .20 Inch Thick Weld Heat Number G-7622. 
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SPE 

2 

AB24R-1 A 

AB24R -2 

AB36R-1 

AB36R-2 

AB45R-1 

AB45R-2 

AB54R-1 

AB54R-2 

AB57R-1 

AB57R-2 

IC FRACTURE TOUGHNESS DATA, 

Grain, a/% = e 10, Room Temperahre 
,625 Inch Thick, 2219-T87 Aluminum Base M 

.o 
x c 

0.633 

0.643 
0.630 

0.628 

0.628 

0.627 

0.638 

0.627 

0.643 
0.628 - 

Air 

Air 

Air 

Air 

Air 

Air 

Air 

Air 

Air 

Air 

___p 

IDITIC - 
5 .= e 
s b  
jj! 
(OG) - 
61.4 

42.2 

55.6 

53.2 

35.2 

32.0 

21.7 

30.7 

21.6 

32.0 

- 
f 
t az :- 
E 

2c 

2.306 

2.411 

3.570 

3.610 

4.650 

4.510 

5.380 

5.395 

5.725 

5.940 

- 

'A 

* Del amination 

ble 32: STATIC FRACTURE TOUGHNESS DATA, 
0.625 Inch Thick, 2219-T87 Aluminum Base Metal - 
Long Grain, d 2 c  = .40, Room Temperature 

* Delamination 

- 
T CONDITIO 
-I 

- 
IS - 
g r =  

* %  ? a  
% 

v) w 

56.5 

56.5 

51.8 

52.6 

46.7 

51.1 

45.5 
41.5 

40.0 
42.2 - 

0.239 

0.339 

0.362 

0.432 

0.390 

0.485 

0.527 

0.530 
0.538 - 
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* Del amination 

7 Aluminum Base Metal - 

* Delamination 

57.0 
45,6 

50.8 

35.9 

40.0 
34.5 
31,5 
B_aB_ 

0.262 
0.351 

0.347 
0.470 
0.480 

0.565 
0.555 - 

0.978 
1.303 
1.324 
1.750 

1.780 

2.070 
2.030 

~ 

0.268 

0.269 
0.262 
0.269 
0. no 
0.273 

~ 0.273 

, 
I 

6: 
1 6  
m a  

MK - 
I .  049 

1.135 

1.2a 

1.204 
1.335 
j___ 

98 



ATIC FRACTURE TOUGHNESS DATA, 
625 Inch Thick, 2219-?'87 Aluminum Base Me 
ng Grain, a/2c = .a, 420OF 

4B24N-3 

4B24N-4 

4B36N-1 

4836N-2 

4845N -1 

4B45N-2 

4B54N-1 

4B54N-2 

4B57N-1 

4B57N-2 

0.647 

0.630 

0.641 

0.637 

0.646 
0.632 

0.632 

0,630 

0.642 

0.626 

* Delamination 

&le 36: STATIC FRACTUiE TOUGHNESS DATA, 
0,625 Inch Thick, 2219=T87 Aluminum Base Metal - 
Long Grain, a/2c = .lo, -423OF 

FRACTlRE DATA - 
4 
8 
o z  .- 
B' 
li 

a 

0.225 

0.228 

0.375 

0.355 

0.460 

0.460 

0. ml 
0.520 

e31E 

__. 

62 
l e  - 4  

M1< - 
1.080 

1.075 

1.277 

1.277 

1.463 

1.498 

1.591 

1.569 

p__ 
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le 37: 

SBEl 

a 
2 

AB54-1 

AB54-2 

AB543 

AB544 

AB54-5 

AB544 

AB57R-1A 

AB57R-2 

AB47R-1” 

AB47R -2 

Tab1 e 38: 

* Milled from 0.625 Inch Thick PIC 

__. 

Air 

Air 

Ais 

Air 

Air 

Air 

A h  

Air 

Air 

- 
5. 

__s_ 

DlTlO - 

(“3 - 
36.6 

35.5 

47.4 

48.1 

48.0 

48.8 

44- 8 

45.5 

45.7 

46.3 

- 

100 

A 

‘N * 
’fly7 - 

0.91 

0.90 
0.96 

0.96 

0.91 

0.92 

0. 
0.92 

0.89 

0.90 
~ 

1L 

g - i c  
: E.;; *s 
- 
17.19 

16.77 

23.45 

23.03 

22.78 

23.31 

22.09 

22.67 

21.20 

21.49 

~ 



le 39: STATIC FRACTURE TOUGHNESS DATA, 
0,063 Inch Thick, 2219-T87 Aluminurn Bcose Metal - 
Long Grain, a/2c = .15, Room Temperature 

le  40: STATIC FRACTURE TOUGHNESS DATA, 
0,063 Inch Thick, 2219-T87 Aluminum Base Metal - 
Long Grain, a/2c = *05, 4 2 0 O F  

101 



Table 42: SPAT OUGHNESS DATA, 
I 2219-T87 Aluminum Base Metal - 

a/2c = .05, -4230F 

AB45H -1 

AB45H -2 

AB54H-1 . 
AB54H-2 

AB57H -1 

AB57H -2 

AB47H -1 * 
AB47H -2* 

0.068 
0.067 

0.065 
~ 0.067 

~ 0.067 

~ OmoM 
I 0.062 
10.062 

60.6 
59.1 

57.1 

56,7 

55.0 

55.8 

57.9 

59.0 - 
* Milled from 0.625 Inch Thick Plate. 



Long Grain, 

I'URE TOUGHNESS DATA, 
rhick, 2219-T87Aluminum Base Me 
a/2c = e 15, 4 2 3 0 F  

70.5 0.052 0.359 0.788 0.145 1.00 30.09 

70.8 0.050 0.376 0.780 0.133 1.01 29.94 

Table 44: STATIC FRACTURE TOUGHNESS DATA, 
1.00 Inch Thick, 2219 Aluminum Weld Metal, 
a/2c = .15, Room Temperature 

23.5 0.845 5.915 0.820 0.143 

A 

e 45: STATIC FRACTURE TOUGHNESS DATA, 
1,OO Inch Thick, 2219 Aluminum Weld Metal, 

103 



Is 46: c 
Bn 

a/ac = 8 15, S 2 W F  

E TOUGHNESS DATA, 

FRACTlRE DATA 

104 



ab%e 49: UGH N ESS DATA, 
Aluminum Weld Metal, 

a/2c = .30, -423OF 

&le 50: STATIC FRACTURE TOUGHNSS DATA, 
0.125 Inch Thick, 2219 Aluminum Weld Metal, 
a/2c = -05, Room Temperahre 

&le 51: STATIC FRACTLIRE TOUGHNESS DATA, 
0,125 inch Thick, 2219 Aluminum Weld Metai, 
C42c = e 15, Room Temperafure 

05 



able 52: TO 
221 inum Weld Metal, 
F 

UGH NESS DATA, 
kick, 221 9 Aluminum Weld Metal, 

106 



e 54: FRACTURE GHNESS DATA, 
nch Thick, Aluminum Weld Metal, 

a/2c = .05, -4230F 

Table 55: STATIC FRACTURE TOUGHNESS DATA, 
0,125 Inch Thick, 2219 Aluminum Weld Metal, 
u/2c = .15, -423OF 

1 07 



Table 56 : STAT F R ~ C T ~ ~  TOUGHNESS DATA - CENTER CRACKED PANELS 
( t = 8.020", 5AI -2.5Sn Titanium se Meta! I Transverse Grain) 

TBCR-2 I ,0192 I 30.00 

Table 57: STAT C FRACTURE TOUGHNESS DATA - CENTER CRACKED PANELS 
( t  = 0.20", 5AI -2.5% Titanium Base Metal, Transverse Grain) 

Calculatod uslng an ~ X Q ~ C ~ X I  ~ ~ ~ o ~ ~ ~ n ~ ~  by Brown 
and Srawley in  the ASTM SQ clal ~ ~ ~ h n ~ c ~ ~  Publicat1 
No. 410 

NOTE: All Specimens from Heat No. G-7622 

108 



CTURE TOUGHNESS DATA - CENTER CRACKE 
I 5.41 -2.5Sn Titanium Weldment) 

recommended by &own 
la1 Tochntcal Publlcatfon 

TOUGHNESS DATA - CENTER CRACK 
( t  = 0.20"< 5AI -2.5Sn Titanium Weldment) 

30.00 

8.012 

8.01 1 

Ion recommsnded by Brown 
a i a l  Technfcal h b l  fcatfm 

**Flaws in Center of Weld 
NOTE: All Specimens from H e a t  No, G-8818 

109 



PA - CENTER CRACKED PANELS 
Metal, Long G 

Table 61 : STATIC FRACTURE TOUGHNESS DATA - CENTER CRACKED PANELS 
( t  = 0.625", 2219=T87 Aluminum Base Metal, Long Grain) 

110 



AJ%C FRACTURE TOUGHNESS DATA - CENTER CRACKED PANELS 
( t  = 0.125", 221 9 AI uminum We1 d Metal ) 

c 

M 
M 
W .  

$ Z  
28 
E v t  

d 
W 

W 

% 

36.00 18.10 RT Air 11.06 69.9 

.12# 35.94 18.02 LN2 11.23 90.6 

~~ 

15.10 LH2 10.67 61 6 30.00 

* Calculated wstn expreuton recommended by &own 
ASTM Speelal Technical Publication 

* * F l a ~  tn Center of Weld 

ATBC FRACTURE TOUGHNESS DATA - CENTER CRACK 
, 2219 Aluminum Weld Metal ) ( t "  1.00 

RT Air 

3 2 O O F  

roeommended by Bsom 
tal Tachnlcal Publicatton 

**  Flaws In Centex of Weld 

I 1 1  



* Specimens Marked and Failed after Indicated Number of Cycles. 
Flaw Information after Indicated Number of Cycles Given Below: 

NOTE: All Specimens from Heat 303268. 

.- 
SL 

33.58 

16.48 

37.69 

16.54 

40.55 
P 

2337 

3000* 
1546 

6 M O *  

1130 
P 

nch Thick, 5AI -2,5-Sn Titanium Base Metal - 
ransene 6rain, a/2c = .40, -3200F 

TBCO8N-1 0.203 2.747 3 2 0  

TBClON-2 0.196 2.748 3 2 0  

TBClON-3 0.202 2.746 3 2 0  

TBC10N-4 0.200 2.747 320 
TBCl2N-5 0.199 2.747 320 

Specimen Marked and Failed after indicated Number of Cycles. Specimen Marked and Failed after indicated Number of Cycles. 

.- 
4L 

- - 
43.06 

27.89 

28.29 

46.94 

50.74 

e 
u “r 
8 s  -- 
u”“ 
i__ 

1964 

3000* 
4130 

756 

530 
~ 

NOTE: A l l  Specimens from Heat 303268 
8’82 



Table 66: CYCLIC FRACTURE DATA, 
0,20 Inch Thick, 5A1-2.5 Sn Titanium Base Metal - 

n, a/2c = .40, -423OF 

NOTE: All Specimens from Heat 303268. 

le  67: CYCLIC FRACTURE DATA, 
0.20 Inch Thick, 5AI -2,5 Sn Titanium Weld Metal, 
a/2c = .OM, Room Temperature 

* Specimen Marked and Failed after Indicated Number of Cycles. 
flaw information after Indicated Number of Cycles Given Below: 

NOTE: All Specimens from Heat 7909. 
113 



* Specimen Murked and Failed dter Indicated Number of Cycles. 
Flaw Information after Indicated Number of Cycles Given Below. 

NOTE: All Specimens from Heat 7909. 

Specimen Morked and Fail 
Flaw Information after Ind 

e 
I( 

E 
t- 

- - 
-423 
-423 
423 
-423 
423 

d &e 
Eated 

- 
r 
E 

Indicated Number of C 
dumber of Cycles Givei 

-1 
1 

5 

-= -I 2 
R 

m 
a 8  
sg- 

2ci 

.- .- 

0.159 

0.2110 

0.234 
0.246 
0.278 

~ 

fcl es. 
Below 

** Last 20 Cycles were run at a Stress of 81,O #Si, 



fable 70: CYCL FRACTURE DATA, 
nch Thick, 5AI-2,5 Sn Titanium B 

ranwerse Grain, q/2c = .05, Room 

able 71 : CYCLIC FRACTURE DATA, 
0.020 Inch Thick, 5AI-2,5 Sn Titanium Base Metal 
Transverse Grain, a/2c = .05, 4 W F  

115 



n'ium Base Meta 

Tuble73: CYCk 
Sn Titunium Weld Metal, 

0.058 18.71 100 

0.061 19.76 59 

0.068 19.67 59 

0.055 17.39 141 

0.050 16.81 241 

'B 16 



Table 74: CYCLIC 
0.020 In 
a/2c = .05, 4B0F 

I<, 5AI-2,5 Sn Titanium We 

SPE 

TWCN-26 

TWCN-27 

TWCN-29 

TWCN30 

TWCN37 

0.020 

0.020 

0.01 9 

0.020 

0.020 
_I_ 

4.017 320 LN2 

4.022 3 2 0  LN2 

4.007 320 LN2 

4.006 3 2 0  LN2 

4.023 3 2 0  LN2 

130.6 

130.6 

130.6 

130.6 

130.6 

0.013 

0.012 

0.012 

0.01 2 

0.014 

CYCLE TEST DATA CYCLE TEST DATA 

able 75: CYCLIC FRACTURE DATA, 
0.020 Inch Thick, 5AI-2.5 Sn Titanium We 
a/2c = .OS, 423OF 

SPEClMEN 
__i 

TEST - 

0 e 
I- - 
-423 

-423 

-423 

-423 

-423 

LH2 130.6 0.010 

LH2 130.7 0.010 

LH2 130.5 0.010 

LH2 130.7 0.014 
I 

LHP 130.6 0.012 

v 

I 

f 
- P  
-=-.I T 
2 3 -  
Ii 

rJe .- .- 

2ci - 
0.188 

~ 0.184 

0.208 

I Oa210  
0.202 

YCLE TEST DATA 

117 



7 Alurninwm Base Metal - 
CYCLE TEST DATA 

0.769 0.499 0.404 37.66 

0.761 0.450 0.381 33.24 

0.742 0.430 0.372 28.79 

0.882 0.547 0.391 35.85 

0.608 0.386 0.405 21.70 

0.611 0.382 0.398 21.73 

0.762 0.472 0.391 16.77 

* Specimens M d e d  end Failed dtw Indicated Nu&er of Cycles. 
Flaw Information ofter Indicated Number of Cycles Given Below. 

0 
-= 8 5  
Y 9  
U 

sl 

1 774 

585 

979 
1723 

925 

1000* 

3000" 

6000" - 



&le 78: CYCL 
inurn Base Mefai - 

Specimens Mmked and Fail 

T ESP - 
f! 

c - 
-423 
-423 
-423 
-423 
-423 
__. 

ONDlTlONS [ , - 

29 - 
0.578 

0.750 

0.740 

0.760 

0.875 
_p 

sd after Indicated Number of Cycles. 
Flaw Information after Indicated Number d Cycles Given Below. 

'QLE TEST DATA 

e 79: CYCLIC FRACTURE DATA, t 

0.063 inch Thick, 2219-T87 Allurninurn Bae Metal - 
Long Grain, u/2, = .05, Room Tempemt 

CYCLE TEST DAT 

Ire - 
L 

0- 

M 

P 

15.94 

14.49 

16.81 

22.64 

19.52 - 
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8: 
inum Base Metal A 

* Speclmenr Milled from 0.625 Inch Thick PI&. 

ABC50N-2 

A B C a N 3  

ABC65N-6 

,ABC70Nd 

ABC80N-5 

ABC40N-1 I 0.101 16.755 3201 LN2 I 51.0 

51 .O 

51 .O 

51 .O 

31 .O 

51 .O 
__I 

- 
iT DAl - 

( 4 4  

0.062 

0.053 
0.054 
0.050 
0.047 

0.054 

0.056 

- 

__s 

E DATA, 
2289-T87 Aluminum Base Metal - 
= .05, -320'F 
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Table 82: CYCLIC FRACTURE DATA, 
0,063 lnch Thick, 2219-T87 Aluminum Base Metal - 
Long Grain, a/2c = .05, -423 OF 

Table 83: CYCLIC FRACTURE DATA, 
1 .OO lnch Thick, 2219 Aluminum Weld Metal, 
a/2c = .30, Room Temperature 
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Table 84: CYCLIC FRACTURE DATA, 
1 .OO inch Thick, 2219 Aluminum Weld Metal, 
a/2c = .30, -320 OF 

LN2 21.0 0.500 1.615 0.506 0.31c 
LN2 13.0 0.640 2.070 0.648 0.305 

LN2 19.0 0.625 2.080 0.625 0.301 

LN2 22.0 0.652 2.075 0.658 0.314 

LN2 19.0 0.750 2.560 0.753 0.243 

23.39 

15.98 

23.73 

27.95 

26.21 

Table 85: CYCLIC FRACTURE DATA, 
1.00 Inch Thick, 2219 Aluminum Weld Metal, 
a/2c = .30, 4 2 3  OF 

IONS I CYCLE TEST DA' 3ND - 

13.00 0.635 2.080 0.635 0.305 

17.00 0.600 2.080 0.601 0.289 

20.00 0.645 2.080 0.644 0.310 

16.90 0.755 2.550 0.751 0.296 

- 
J' 

- 
18.38 

15.90 

20.73 

24.86 

22.92 

- 
r 

- :I 
ox% 

.II 

1195 

3089 

822 

148 

60 - 
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Table 86: CYCLIC FRACTURE DATA, 
0.125 lnch Thick, 221 9 Aluminum We1 d Metal, 
a/2c = .05, Room Temperature 

0.051 8.99 545 

0.048 7.89 561 

0.053 10.25 219 

Table 87: CYCLIC FRACTURE DATA, 
0.125 lnch Thick, 221 9 AI uminum We1 d Mefd, 
a/2c = .05, -320 OF 

SPECIMEN 
- 
YCLE 1 

( a h )  - 
0.473 

0.643 
0.570 
0.624 

0.780 

ST DATA 

1 23 



Table 88: CYCLIC FRACTURE DATA, 
0,125 inch Thick, 221 9 Aluminum We1 d Metal , 
a/2c = .05, -423 OF 
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