
N
AO—AOfl 705 ROCKWELl . INTERNATIO NAL LOS ANSELES CAUF LOS ANSELE—ETC F/S 1/3 NLOWER COST DY S4JSSTZTUTINS STE~~. FOR TITm UM . AFS4IO syEa—on——n c~u,

JM 77 W £ ROUTIl F33615—75—C—3100
UNCLASSIFIED RI/LAAO—NM77—a17 AFFDL—TR—77—73 Pt

_ 
_
_ _  _ _  

UT
_ 

_ _  

~~~I~~~~I on ustu___



LOWER COST BY SUBSTITUTING STEEL FOR TITANIUM

OF1410 Steel - Detail Design and Development Tests

W. E. Routh
Rockwell International Corporation
Los Angeles Division
Los Angeles, California 90009

June 1977 
/

Interim Report for Period July 1976 - June 1977 Technical Report AFFDL-T

L Approved for public release; distribution unlimited ]
>-
0~CD

Prepared for
LU AIR FORCE FLIGHT DYNAMICS LABORATORY
j  AIR FORCE WRIGHT AERONAUTICAL LABORATORIES

~~~ Air Force System Command
Wright-Patterson Air Force Base, Ohio

C-,



NOTICE

When Government drawings , specifications , or other data are used for any
purpose other than in connection with a defini tely related Government procure-
ment operation , the United States Government thereby incurs no responsibility
nor any obligation whatsoever; and the fact that the government may have for-
mulated, furnished, or in any way supplied the said drawings, specifications,
or other data, is not to be regarded by implication or otherwise as in any
manner licensing the holder or any other person or corporation, or conveying
any rights or permission to manufacture, use, or sell any patented invention
that may in any way be related thereto.

Approved:

ui~~t~~~t 1~~~JA 9vi& (~? ~~~~~George T. Estill seph S. Ford, Lt Col , USAF
Aerospace Engineer Program Manager, ~~~ Program Office
Structures Division Structural Mechanics Division
Air Force Flight Dynamics Laboratory Air Force Flight Dynamics Laboratory

FOR
7O

~~ N1~ER 

?:~~~~~~ ‘ ~/Aç~ M ~: 
-

Chief Structures Division
Air Force Flight Dynamics Laboratory .

~.

H
Copies of this report should not be returned unless return is required

by security considerations, contractual obligations, or nDtice on a specific
document.
AIR FORCEI5S7SO/25 Octo b.r 1q77 — 150

~

- --

~

-——

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ---. - — -~~ --~~~~~~~~-~~~~~~~~- - ~~~~~~.---



— .. -
~~~~~~

, ————
~

---- ,..- .— -. j
~~~1~~~~

” —
~~~~

UNCLASSIFIED
SICURITY $$IFICAT ION OE TH IS  PAG E (SS,an 0. ,. EnI•~ .d) 

______________________________________

~~~~~~~ e ~ READ INSTRUCTIONS
ES F~~~iS I WS..VM~~ FI IA  I lvi ’ F AU~~ B~~F OR E CO4~PL ETI$ G FORM

N ~~~~~~~~ a. GOVT ACC ESSION NO- 3- I IC I P I E MY S  C A T A L O G  NUMBER

-
. 

~~~~~~~ 

- I 
- 

--
4 T I T L E  ( ,d  SublllS.) I •S T S n a ,  ove a o‘<‘5 L~~ R COST BY SLJBSTI’1UFING SThEL FOR TITANIIt4.\ jU~~~7 6j ~~~ 77

°T
- -~ 7 AF14].O Steel-Detail Design and Development Tests,\ 

___________________________
I— -.-- ~~~~~~~ ~~~~~~~~ 

R A C T  OR ~~W R U T  M SC *( )

( / 0  w.E~~~~ thj ~~~~~~~~~~~~~~~~~~~~~~~
B. P E R F O R M I N G  O R G A N I Z A T I O N  N A M E  A N D  A D D R E S S  lb P R O G R A M  ELEMENT . P R O J E C T . T A SK

AR E A  B WORK U N I T  ~~~M9(RS 
-Rockwell International ‘ “ ~_____ FLos Angeles Aircraft Division v ‘~~1~~~~~~502 L~

’
IT 1-~International Airport, Los Angeles. Ca~ 90009 ___________________________

II CO NT R O L L I N G  O F F I C E  N A M E  A N D  A D D R E S S  / I2 ~~~~ j~~g.aL G LI.j~
. -

Air Force Flight Dynamics Laboratory ( 1/ JunØ }~77 /
Air Force Wright Aeronautical Laboratories IT ~~U M U t R  O~~~ W A G E S

Air Force Systems Coninand , W-P AVB, (Thin 4~ 4~~ —_324
14 M O N I T O R I N G  A G E N CY  NAME I A0~~BE ~.5(~f d~II.t.nl fr om ConI, IIIn4 Ou r.) IS S E C U R I T Y  C L A S S  (of lhIa t.pOfl)

,
.. (—:~r . 

.~ Unclassified
I5• O E C L A S S I F I C A T I O N ’OO W N GRAO ING

SCHEDULE

IS DISTRIBUT ION STATEMENT (o f 151. R.porI)

Approved for Public Release; Distribution Unlimited

17 D I S T R I B U T I O N  S T A T E M E N T  (of IS. ab aI ra cI  •nt.,.d in Wo rk 20. ii diif.,.ne fr.,, R.port) 
——

15 SU P P L E M E N T A R Y  N O T E S

IS KEY WORDS (Conlin..• or’ .r., ti ad. •l nsr ~~iaa,~ ~~ d Idsn?II y Sr bIork floorS.,)

AF141O High Nickel Steel Fracture Toughness-Steel
Titanium Substitution Cost/Weight Reduction
Cost Reduction with Steel Machinability of Steel
High Strength Steel h e at Treatment-Steel
Miferi a1 Prnpc.rt i ps

20 A U S T R A C T  (COflhlflo• or. ,.,, .•~ id .  SI n •r • I Ia lv  and Id.v ~~. f y  by biork floorS.,)

This interim report presents the results of a detail de~ign and development
test program as Phase II of Contract F33615-75-C-3109. ~1’wo selected components
of the B-i structure presently designed as Ti &AL-4V were redesigned using
AFI41O steel taking full  advantage of the higher strength and lower volume
aspects. Both cc-st and weight savings are documented to show representative
possibilities on ~i n i 1 a r r a r t s  of other aircraft stnlctures. A cost saving of

DD ;~~~~~
‘
n 1473 EOITION OF NOV S$ II OU$O~~ET5 UNCLASSIFIED

S E C U R IT Y  C L A S S I F I CA T I O N  OF THIS PAGE ~~~~~~ Date En,l..,I I

1/ 
- -J (7

-~~----~~



UNCLASSIFIED
SECURITY CLAS SIFICATION OF THIS PAOE(a,,.,, Gal. int•rid)

BLOCK 20 (continued)
22.9 and 22.1 percent and weight saving of 7.6 and 15.1 percent are projected
in the two examples designed.

~echanical properties of AF141O steel are validated through over 400 development
tests run on production heats of this material . Tests covered parent metal
)roperties and weld properties obtained from both static and fatigue tests.

~. special pre-inachining heat-treatment was developed to permit lower cost
riachining prior to final heat-treatment for high strength properties . Both
leat-treat processes were selected from a series of heat-treat tests conducted .

UNCLASSIFIED
S E C U R I T Y  C L A S S I F I C A T I O N  OF THIS PAGE(W ~~.n 0.1. Fnfy,ed )

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . . .
.
. ,.IT~’ :_

~ 4



-
~ a _~_~~~~~~~J~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~

FOREWORD

This report was prepared by the Los Angeles Aircraf t Div ision of Rockwell
International. (Rockwell) under contract F336l5~~5-C- . 3lO9 aM fu1fj 1ls the
requirement for CDRL Item 0002, Sequence No. AOOA . The program is sponsored
by the Structures Division of the Air Force Flight Dynamics Laboratory
(AFFDL/FBS) at Wright-Patterson Air Force Base, Ohio. The program is under
the direction of Mr. George Estill , AFFDLJFBS proj ect engineer .

This is an interim Teport covering the work accomplished in phase II of
the five-phase program. This phase involves detail design and development
test and cover the period 1 July 1976 to 1 April 1977. The report was prepared
through the combined efforts of the following : W E .  Routh , Program Manager;
J.H. Stolpestad, Fatigue and Fracture Mechanics; G.V. Bennett, and R.P.
Robelotto , Materials and Producib ’j lity Eng ineering . Major contributors of
test data were G.R. Martin , J .F. H~rrington , and D. Brubake r , of Materials
and Producibility Metallurgy and Fab~icat ion groups.
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Section I

I NTROI)UCF ION

The effort covered by th is  in t e r im rcjx rt consists of a 9-month
development test program and the detail des ign and drawing release of the two
candidate it~ns selected in phase I.

The development test program has been conducted to obtain desi gn allowable
strength and fati gue values of production size heats of AF I 4 IO steel. Al so,
many tests were conducted to obtain characteristic data on crack propagation
for damage tolerance and the effects of various manufacturing processes on the
mechanical properties of both parent metal and welds .

Detail design of the candidate test components con sisted of refinemen t of
analyses for strength , fat igue and damage tolerance , wei ght , and cost. Deta i l
drawings have been prepared and released to manufacturing . These consist of
die forging drawings and finish-machined pa r ts , where applicable. Althoug h
both candidate parts have been released, only one is selected for fabrication
and test. The part selected is the wing sweep actuator inboard attach fitting
which is a steel substitute part for the corresponding titanium part of the
B-l banber.

1
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Section II

SIJI+IARY OF PHASE II ACFIV1TY

The development test portion of this phase was started with the receival
and preparation of the first shipment of rolled plate AFl4lO steel. It was
layed out , sectioned into specimen size blocks, and heattreated.

• Parent metal material property tests for tension, compression, shear, and
bearing values were done. The effects of grinding, shot peening, plating, and
welding were determined on tensile values. A series of fatigue and crack
growth tests was also conducted on the basic material as well as for manu-
facturing process effects. A number of dog-bone-type specimens were tested for

• fracture mechanics analysis verification.

Butt fusion weld data were obtained through Klc Charpy V-notch and
fatigue tests.- Special specimens were designed for fillet-weld tension across
the welds and for fatigue,

Tests were also conducted to develop an optimum final product heat-
treatment which is compatible with a premachining heat-treatment selected
during phase I, and will develop the required mechanical properties of the
material. Machining tests will be conducted on AFl4lO material specimens
subjected to this heat-treatment during phase [If of the program.

Detail design drawings were developed of the two candidate items for
ccanponent test. All preliminary analyses of stress, fatigue, damage tolerance,
weight, and cost were refined and updated to reflect the final designs.
Drawings were released to manufacturing for use in preliminary planning and
tool design. The wing sweep actuator inboard attach fitting has been selected
for fabrication and test.

Tools to be used in machining and heat-treatment of the selected part are
designed and will be ready for fabrication during phase III. These include
holding fixtures, tracer pattern, heat-treat fixture, and match drill jig for
attacn holes. A complete manufacturing plan was developed for producing
either candidate test part. (Refer to report NA-76-846.)



Section 111

Ol~Jli( fIVliS/)P I~I~~SI~ I I - I) I~TA II  l)I~sl(;N
) 1)lVI:WP~U~N F l i S t ’

The planned objectives U t h i s  port ion of the program are :

1. Prepare specimens ~
‘
nd conduct a thorough development test program on

representative pr~ Iuction heats of AF141 () steel. Tests include
mechanical properfries of parent m eta l  and of but t and f i l l e t  welds .
They wil l  also u / d ude manufac tur ing  process effects , stress corro-
sion, and fat i giy~.

2. Conduct fractur4 mechanics analysi s verific ation tests to substan-
tiate analytjc$l methods of p r e d i ct i n g  I i letirnes us i ng establ ished

• growth rates ~hd prescribed f l a w s .

3. Conduct heat/treat tests to select a h e a t • t r e a t m e n t  which is com-
patible with/ pr~~achining heat - tr eatment s selected for easier
machining ai/d which wi l l  result in the required mechanical properties
of the mate

1fr
ial.

4. Refine th~
’pre1iminar)’ designs of both candidate parts and update the

analyses ¶6n each for strength , f a t i g u e , damage tolerance , wei ght , and
cost. /

5. Prepare and release to manu (actur iin ~ d e t a i l  drawings of each candi-
date pz~Jr t .

6. Se1ec~ one of the two cand i d i  te p ar t s  for !‘abr ic a t  ion and component
test , for S ta t ic  and fa t  i gu& s t  i ’cng t h .

7 . Design all tools requi red lot’ macion m g  the selected par t  from a
furrtished die forg ing.

8. Prepare a comp lete det i i i  do ’ I go I ej ) ~~rt  md subrir it to the customer ,
and prepare and present an o;~m I hr  i c f i  r ig at  ~ r ig ht  Pat tei’son Air
Force Ba so , Oh io , in Ap r i l  1 9 /7 •

Lb ~~~~~~~~~ ±~~ 1~~~~~~
’
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Sect ion IV

PhASE ii DETAIL SQEEDUIE A~d) ‘t ASK/EVENT FLOW DIAGRAM

A phase II work plan schedule to accomplish the tasks listed and the
objectives given in section III is shown in figure 1 A detail schedule of
the tests comprising the development test program is shown in figure 2
This schedule has been used to track the progress of tests on a weekly basis.

A task/event flow diagram is shown in figure 3 which shows the sequence
of significant events and their interrelationship. This chart, in conjunction
with the sc~ r~tlc charts, form the tools used in phase II to guide the expen-
diture u~’ -‘ a ~iinely basis.

4
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Sect ion V 

-1)1 IA I F 1)1 ~- I  N 01 ( N ’ThI l)\’l l S

JRI’~~DUCf ION

The two candidate prelinl inaly layout designs selected for phase II
detail design are:

• 3109-100000 Fitting - Shear , Wing Pivot Inboard (Layout)

• 3109-100003 Fitting - Attach , lnboard Wing Sweep Actuator (Layout)

These layouts have been used as a basis for design refinement and prepara-
tion of working drawings during phase T I .  The detail drawings developed
from these layouts are :

• 3109- 100010 Fitt ing - Shear, Inboard Pivot Pin , Wing (Forging)

• 3109-100006 Fitting - Inboard Attach , Wing Sweep Actuator, Assembly of

• 3109-100008 Bushing, (liter - Attach Fitting , Wing Sweep Actuator

• 3109-100009 wishing , Inner - Attach Fitting , Wing Sweep Actuator

These detail drawings have been released to manufacturing for tool des ign
and fabrication of one of the fittings during phase III. Refer to appen-
dix A , figures 1 through 4.

DETAIL DESIGN

h iring the last part of phase I, prelim inary des ign , a change was made
in the concept of the wing sweep actuator attach fitting from a welded truss
assembly to a machined die forging design. This was done to improve the
low cost-sav ing, which resulted in  comparing the cost of the welded assembly
with the baseline cost, which was based on a titaniiri die forging. A con-
siderable improvement was made. This change resulted in a production cost
saving of 24.5 percent, as compared to 9.7 percent for the welded assembly.

A change has now been made in the design concept of the wing pivot
shear fitting from a welded assembly to a machined die forging. This resulted
from a new production cost comparison using recent quotes on the baseline
titanium part rather than the actual costs of the B-I DVT part. The high
cost of an oversize forging on the DVT part produced a distorted baseline

8
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value. Quotes were obtained from the same vendor on a steel die forging
similar to the B-l part. A new comparison showed a marked reduction in cost
saving from 62.6 percent to around 30 Percent . However, a comparison with
the steel-welded design showed a much greater reduction. A new drawing was
prepared of the steel die forging design and is used as the basis for a final
cost saving on this candidate part.

On 1 February 1977, selection of the actuator attach fitting was made
for fabrication and test. Final detail design has incorporated all require-
ments for tooling , fracture mechanics , and fabrication .

COST ANALYSIS

WING PIVOT SHEAR FIT T ING

The preliminary cost analysis on the wing pivot shear fitting was based
on a design involving two-ring forgings welded together, end-to-end , to make
one ring assembly from which three parts could be made by cutting it into
three 120-degree segments after lathe turning and weld attaching several
lugs for strut attachment and equipment mounting. The cost of this design
was compared to a baseline titanium part cost resulting from actual part cost
of the B-i DVT part. This comparison yielded a predicted cost saving of
62.6 percent.

This value has been considered invalid due to the extremely oversized
forging purchased for initial B-i parts. hiring the detail design phase of
the steel substitute part, a new cost estimate was made for a production
baseline part based on actual quotes on an optimized titanium forging. This
new cost, when compared to the steel substitute design cost , resulted in a
reduction of cost saving far below the 30 percent level.

A quote was obtained on a substitute steel die forging from the same
forging vendor supplying the titan ium quote. A new cost estimate based on
this design and compared to the new titanium part cost resulted in a predicted
cost saving in the 30- to 40-percent range.

A new detail design of the wing pivot shear fitting now has been completed
based on a completely machined die forging. A cost analysis based on actual
detail drawings shows a potential cost saving of 42.14 percent . A sequence of
cost analyses leading up to this final figure is shown in table 1 starting
with the initial analysis and baseline developed in phase I. Changes affecting
each subsequent analysis are:

• Analysis No. 2 - Revised baseline costs for a production size forging
weighing 114 pounds .
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• Analysis No. 3 - Changed substitute design to die forg ing.

• Analysis No. 4 - Revised steel rough machining cost to the same as
titaniun based on new premachining heat-treat data. Also increased
steel forging weight.

• Analysis No. 5 - Revised forging costs on both baseline and substitute
in accordance with vendors quotes and updated costs to 1977 dollars.

• Analysis No. 6 - Reduced baseline for final vendor quotes. Reduced
substitute forging quntes based on lower cost of raw material per
AFFDL/FBS data obtained from Universal-Cyclops Steel Co.

First unit costs were developed for only the final analysis (No. 6) since
all intermediate analyses were exercises in developing the final cost.

WI~~ SWEEP AC11JA1DR FIlliNG

The baseline cost of the wing sweep actuator fitting was established in
phase I and is shown in table 2 . The preliminary design cost comparison,
based on machined die forgings on both the baseline part and the substitute
part, showed a saving of 24.5 percent. This was based on an estimated buy/fly
weight ratio of 4:1 and an estimated forging cost of $8.00 per pound.

A forging drawing was prepared in phase 11 and a calculated weight
obtained. In addition, the cost of rough machining was reduced from 24 per-
cent higher than titanium to equal to titanium. A revised analysis and cost
compar ison , analysis No. 2, as shown in table 2 , was made based on these
changes and an actual vendor quote on the die forging. This comparison showed
a savings of 28.34 percent for production. First unit costs were not
obtained for this intermediate analysis.

An estimated cost of $1.50 to $1.80 per pound for forging ingot material
was obtained from Universal-Cyclops through AFFDL/FBS. This value was pro-
vided to the forging vendor who then revised the forging quote accordingly.
The final cost figures are shown as analysis No. 3 in table 2 and result
in a cost saving of 31.0 percent. A comparison of first unit cost shows
2.27 percent saving of the baseline first unit cost.

13
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WE1~~1T ANAL YSiS

A f i na l W ( ’  i ght c~ Icu I at  ion wa s made on t i -  rel eased detail desi gns of the
two cal)d wIts  tt~ parts • l~a .- ;t -l i ne wei gh t s , a-~ rej or ted iii NA- 76-860, ‘‘Prel iminai-y
r)csign Report , ‘‘ page 19 , arc shown for conq ar ison along with the new substitute
design wei ghts in t a t Ic 3 . Wei ght brea kdcwns on each of the substitute
detail des igns are sluwn in table 4

Althoug h weigh t s a v i n ~ was not i prim2ry goal in this program, significant
sav i ngs can he made by ch ic l ent desi gn an~ throug h wei ght reduction of installa-
t ion part s -~uch as hol ts , p 1 ns , afld )u sh in~s (hi e to shorter lengths requ ired
fo r thinner  h ig her s t rength  naterial. Red5-.cea fIxed wei ght in an aircraft
resul ts  in  considerab le ~.avings in operat ional costs.

‘t able 3

BA SEI IN [~ W1i 1 (~ ITS

Drawing No. Title Weight

L1l00030-0ll Fitting - Shear, Inboard Pivot
Pin, Assy of 48.70

L1100030-005 Fitting 48.64
Lll00063-003 Bushing 0.06

L3007214-00l Fitting -— ~i~g Sween
Actuator, Inl oard
Attach, Assy of 176.30

L3007214-005 Fitting 172.20
L1200234-005 Bushing - Oul.er 1.96
L1200235-003 Bushing - Iru ei 2.14

16
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Table 4

WEIGI-rr BRFAKDOWN - .AF14 1O DESIGNS

3109-100010 Wing Pivot Inboard Shear Fitting

Machiñ~d body 43.08 lb
lugs - 

2.61 lb
brackets .36 lb

Total 46.05 lb

B-i titanium baseline part 48.64 lb
Substitute weight saving 2.59 lb

Installation and assembly parts weight reduction due to reduced lug
thicknesses and bolt grip lengths.

L1100048-003 bushing 0.003 lb
L1100063-003 bushing . 004 lb
L1100073-017 bushing .475 lb
L1100073-009 bushing .137 lb

5/8 dia bolts .129 lb
7/8 dia bolts 

- . 362 lb
1.110 lb

Net weight savings 1.11 + 2•59 = 3.70 lb
Net weight savings per airplane 2 x 3.70 = 7.40 lb

3109-100006 Wing Sweep Actuator Inboard Atta ch Fitting

-003 fitting 153.47 lb
3109-100008 bushing , outer 1.83 lb
3109-100009 bushing, inner 2.40 lb

157.70 lb

B-i titanium baseline assembly 176 .30 lb
Fitting assembly weight difference 18.60 lb

Insta3.lation bolts and actuator attach pin weight reduction due to
reduced grip lengths , bolt sizes (6 places) and lug thicknesses

L1200241-007 pin -3.10 lb
bolts -4.84 lb

Total -7.94 lb

Net weight savings 18.60 + 7.94 26 . 54 lb
Total weight savings per airplane 2 x 26.54 53.08 lb

17
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STRESS ANALYSIS

W ING p ivm- I NBOAR D SIIII ~\R I t  1T 1N s~

The inboard shear fitting (figure -
~ 

) was ana l %‘:ed us i ;i .~ t i e  struc tura l
analysis curves and material  properties pr ovided itrider “St ruc tura l Anal ys i s
Properties” (apper~~ix B). ‘the app lied des ign loads are those obtained from
the B-i Stress Group and used for the titanium baseline part.

The shear f i t t i ng des i g n is based on a machined d i e  lo rg ing  concep t so
that the design strength red uctions fur as-wc lded struc tu re need not be
imposed. The prev ious design had the diagan al shear stru t a t tach  lugs welded
to the curved walls of the f i t t i n g . ( R e f er  to phase I report , NA-7 6 -8 60. )

A sw~nary of critical m arg ins of safety is presented in table 5 , in
wh ich ma rgins less than +0 .50 are l is ted . Typical analyses are provided in
the following pages.

The critical conditions for the shear stru t attachment lugs are the
terrain-following and low-level penetration mission segment loads for lug ten-
sion and con~ ression respect ively (conditions 1-A and 1-B) . The critical con-
dition for the fitting sections (conditions 2-A or 2-B) is the case where the
upper or lower outboard wing pivot lug fails and an induced thrust load ,
either up or down , occur s on the f i t t i ng .

The stress anal ysis of the shear fi t t ing  checks the shear stru t attach-
ment lugs for tension and ccmpress ion strut loads . Stress checks of cross
sections at various locatior s along the fitting wall were made for the effect
of combined axial and bending stresses using assumed effective width sections.
The effect of curved fitting wall cross sections were accounted for, in terms
of locating bending eccentricities. No negative margins were identified for
this analysis.

18 
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Tahle 5

SIHvIARY - CRITICAL MARGINS OF SAFETY (MS < + 0 . 5 0 )
INBOARD fLIJiAR FITFING

Ref
Margins of Page

Item Description Load Conditions Safety No.

Lug Maximum bearing check Condition 1-B +0.31 
2 3

analysis low-level (bearing)
penetration .

Section D-D Section checked as Condition 2-B +0.03 26
with lugs a curved section - (axial + bend)

Section B—B Section above shear Condition 2-A +0.19 28
strut attach point 

~L acting (lug cr ip-
curved section pling)

Section F-F Section 2.9 below Condition 2-A +0.014 29
sect ion B-B (cri ppl ing)
curved sect ion

Section K-K Section through Condition 2-A +0.27 33
shear strut attach (axial + bend)
point

Section C-C Section below shear Condi t ion 2-A +0.24 34
strut attach point j (axial + bend)
curved section

20
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L(~DS (ULTIMATE DESIGN LOAIIS)

The loads shown in table 6 are the same as
used for the B — l baseline t i tanium component.
Three primary conditions govern the loads on the Us

shear f i t t ing :

1. Strut load - transfers shear to inboard
rib at station 119. -

2. Thrust load on fitting due to outer wing
pivot lug half failure (upper or lower
outboard) .

3. Lug load components transferred by pin
via the “notch and land” design of the 

- 
4

’L

shear f i t t ing - pin system. - 
+

Table 6

TABLE OF ULTIMATE DESIGN LOADS

Cond. 
~strut ~L = 

- 

‘~u2 
Descrip.

(kips) (kips) (kips) (kips)
1-A 27.85 1 G - terrain

follow.
1-B - 107 .94 4.77 Low level

penetration
2-A 318.05 Fail. pivot

lug half
2-B 64.1 3.18 Fail . pivot

lug half
3 36.08 2 G - f l a p

down

21
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WADS DLWLOIUNf (UI NMAH IuAI~ )

t P=-64.l K COND 2-B

_ _ _ _ _  
y =  9 .47 1. (R~~~ i .s )

P
~~~

3.2 K (t
~ 2=8.8-1~)

~ ~ux e = 6-1 J A0 0 1
R~ i~~~~~

— - 1.282 IN-K (‘- ~~~~~~ ) 2-B)
= 18.08 K ~

8Z5R 1 -

B 
- I~: P x e + I ’  X e .

_ _ _ _  ~) D =  U 1 U

— 
1 

= 55.35 IN-K (COND 2-B)

____ 

I
_ _ _ _  — \ I ~B B = R  x3 .r = 18.08 x~~.~,

F , F 

~~ 
1 

= 63.28 JN-f ( (CONI) 2-A)1~
— - - I — 1 1— —I

+ 27 85 K Y’~ -~’ 1 -~

C c. = - 107.94 K ~( N D  1 h

54.4°
P 318.05 1K (. ONf) ~~

-

Figure 5
Analysis Section Location:; = 7.6j5

MFF= R1 x (3.5 + 2.9) = 115.712 IN-K ~c:oN1) 2 - A )

MFF
_ 47.61 IN-K (CUND 1-A)

= x 3.25 + x e = 58.76 IN-K COND

2 2
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LUG ANALYSIS (CONDITION 1) 

~~~~~~~~~~~~~~~~~ 1’ ‘-% ~~l . q4”~ COND 1-B I
/ ‘

~~ ~z’t-~b~ ç) .

1.125
.
~~~~

-

~~ s /
~~~~ I~ I~~h.

Assume a 60/40 load distribution of 
~T and PC to each lug.

e/D — 1.38/1.062 = 1.30

W/D = 2 x 1 . 3 8 = 2 . 6
1.062

D/t = 1.062/ .22 = 5.06

The bearing area Al)r then equals 1.062 x (0.22 - 0.03) = 0 .19 1  in. 2/lug arid
At = (2 x 1.38 - 1.062) (0.22) = 0.356 in.2/lug.

The analysis of the inboard shear fitting indicated that the nest critical
condition of the lug assembly is condition 1-B with PC -107.94 kips. The
check for bearing of the lug appears as follows:

= -107.94

The applied load is then 60% of -107.94 or -64.8 kips. The bearing stress

~br = Pl/Abr = 64.8/0.191 = 339 ksi.

Ft~
m 

= 446 ksi for e/D 2.0 (Reference Appendix A)

The bearing margin of safety is

bra 446
MS = 

~~

-

~~

.-— -l = -l = +0.31
br

2 3
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SE~FION C~~CKS

The inboard shear fitting p i v o t  pin will be checked at six of the most
critical sections . Sect ion checks a~ sections A-A , B-B , C-C , D-D , F-F , aria
K-K (figure 5 )  appea r in the follow ing pages .

Section A-A (Condition 2-B)

i.8I~Q J -The thickness at section A-A is
approximately 0. 40 inch. Assume
b -~ inches . The moment about section
A-A is then:i.%iIR ,.

~~

~~~~~
= 

~U1~ 
e = 64.1 x 0.02

= 1.282 IN-K•3~ R The compressive stress L is
P

t M.c
S ~ 4 f =- c I b~t

a.a~~ 
/

1 and 
____ 

C = t/2

I / s o f = 6 x 1 . 2 8 2  + 64.1

/ 

I 
C 2 .x (0 .4) 2 0.4 x 2

= lO4 ksi

The coDpressive margin of safety

~ 0 
is then:

- - 
!~~S = ~~~~~

— - 1 = -
~~~~~~~ - 1 = ÷1.173

.50

Section D-D

Section D-D is treated as a curved sect ion .

R sin a 9.5 x sin 8.69°= = -— = 9 4~1 inchesa 0.1516 radiai-s

2 !4

L - - -.: - - - - - - . - 
_ _ _ _- —- - - - - - - -
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H

2cr  = 5.4/8.5 = 0.6353

a = 0.3176 18.2°

arid the sine of a = 0.312. 
— 

= 
R sina 

= 8.350

y R - = 0.40

e1 
- 

~‘D = 9.47 1 - 8.289 = 1.182 inches

e2 = - = 8.822 - 8.289 = 0.533 inches

Section Area Y AY AY2

1 0.3388 0.385 0.1304 0.0502 0.0167

2 2.7 -0.40 -1.080 0.4320 0.0563

3.0388 0.312 -0.9496 6.4822 0.0720

I 0.4822 + 0.0720 - 0.312 x 0.949b = 0.2579 in.4

I/c = 0.25791(0.77 + 0.312) = 0.2384

= 8.75 - 0.312 = 8.438

— — 
8.438 x 0.312 

— 8 289— 

0.3176 
—

The moment about section D-D is then :

= (1.182) + (0.533) = 77 .47 IN-K
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The total load at section DD is P = 

~u + 1
~u 

= 67.3 kips. The
compressive stress ~~ is: 1 2

f = P/A = 67.3/3.039 = 22.1 ksi

The bending stress 
~b is:

= Mdl = 77.47/0.2384 = 325 ksi

The margin of safety for axial compression plus bending is determined as
follows :

£

D — 
c 

— 
22 

— 0 097c F 226cy

Rb 
= 

F x l.5 = 0.959
cy

The margin of safety is then :

MS = 
2 

- 1 = +0.03
Rb

+ 4RD
2 +4R 2

Section B-B

Section B-B is located at a typical section of the fitting above the strut
attachment lug and below the build-up area at the top of the fitting (figure $ ) .

This section will be checked for crippling due to the Pu1 and P~2 loads.

For condition 2-A:

MBB = R1 x 3.5 = 18.08 x 3.5 = 63.3 TN-K

For coi~iition 2-B:

MBB = P (e1) + 

~~~~
‘
2 

(e2) - R1 x 3.5

26
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R’~~~~~_~~
-b

~~~~
_

R’ sina 8.5 x 0.346
>‘ = = 0.353 = 8.331

2a  = 
j  

= 0.706, a = 0.353 or 20.22 0

y = 8.74 - 8.331 = 0.409

Part Area Y AY AY2 10

1 6 x 0.49 -0.409 -1.2025 0.4918 0.0588

2 2 x (0.22 x 1.13) 0.565 0.2778 0.1556 0.0528

3.436 -0.2691 -0.9247 0.6474 0.1116

c = 1.13 + 0 . 2 6 9 1  = 1.399

= Li + f A y 2 
- ~ 1Ay 0.5102 and I/C = 0.3647

~BB = 8.74 - 0.2691 = 8.4709

The bending stress = Mc/I = 63.3/0.3647 = 173.6 ksi , COND 2-A

e1 = 9 .5  - 8 .471  = 1.029 inches

e2 = 8.849 - 8.471 = 0.378 inches

The load on section B-B is:

~BB = ‘
~U.J 

+ = 67.3 kips , COND 2-B

The moiient about section B-B is then equal to:

~~B~~~U1
x e l + P x e 2 - R 1 x 3.5

— 32 .50 IN-K

Assuning condition 2B, the bending stress now becomes 32.5/o.3647 • 89.1 ksi

2 7
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and the ax I ~i I coiii i-e~s I y e  st r e ~~s i s :

= P /A = ( 7~~ 3/3. 13o . 5~~) Ls Ic

Assum i ng one edge is free , h/t = . 13/ I .22 = S. I ~ and F.~-(- = 206 ks i
The ci- i pp I ilig ma i-g in of sa f e ty  ioi c o n d i t i o n  2 — A  i s  en t ica l

= 
cc 

- = - I +0 • 19I I /
h

Sect ion I: I~

Sect ion 1 - F  i s  1o~ ated through t h e  notched sect ion of the Ii t t  i ng just
above the stru t ~it t a~-hjiient lug ( ii gui-c ~i ) . Ihro ug h t h  is notch the P3 l oad is
transfci-red to the Iitt lug . ‘lii is sec t  i~~n wi l l he chec ked for cri ppling and for
hearing .

Lug diinens ion: t = 0.22, h = 1 .70
Wall dUi~ensions: t = 0.497, ~~

- = 6.00

R — b ----—

R. = ~.5o2 + I •~~73 = 8.135 incj~~s

= 8.135 + 0. 24~ 8.381 inches

2cr 8.384 0.7156

a = 0.3578 or 20.5°

= R’ sina 8.384 -
~ Y~~ = 8 ‘01a 0.3578

2 8
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R - Y’ = 8.632 - 8.201 = -0.431
0

Part Dimensions A y Ay Ay2 I~

Lug 2 x 0.22 x 1.70 0.748 0.85 0.6358 0.5405 0.1801

Wall 6 x 0.497 2.982 -0.431 -1 .2852 0.5539 0.0614

3.730 -0.1741 -0.6494 1.0943 0.2415

c = 1.70 + 0.174 = 1.874

= + ~Ay
2 -

= 1.3358 - 0.1131 = 1.2227 in.4

I/c = 1.2227/1.874 = 0.652

The moment acting about section F-F is 115.72 K-IN (COND 2-A)
The bei~iing stress is thon:

MFF c 115.72= I 0.652 = 177.5 ksi

b/t = 1.70/0.22 = 7.33 , F = 180 ksi

the margin of safety for crippl ing is:

MS = ~~~~~~ - 1 = 
177.5 -l 

= +0.0 14

The fitting is now checked for bearing.

Assune R3 acts at the midpoint of contac t between parts :

= 0.5(7.562 + 0.14 + 8.035 -- 0.06)

= 7.8385 inches

29
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The contact wi dth = (8.035 -0.06 ) - ( 7.562 +0.14 ) 0.273 inches

The bearing area is A~r and is
equal to 6.5 x 0.273 = 1.774 in.2

~~~ I ~L = = 318.05 K and

P ’  = 318.05 + P3 T where
- 

P = sin 52.383° x 27.846
~~ — - - ~~~ ,. ? i..kT) ? -j  T

~ 22.06 K and 1 3 
= 340.11 K

- i The bearing stress 
~br is foiiid

£ = P ‘ = 191.7 ksi
-

~~~ 

br

Fb~~ 
= 330 ksi (conservative)

The margin of safety is
M S =  330 - 1 = + 0 . 7 2

- ~.5 *

1

30
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Section K-K

Section K-K is located through the :enter hole of the strut attachment
lug. This section will be checked for combined a~ia1 p lus bending loads.

H

. = I.O~ 2 011¼ ~~~~~

4
~
Lt7-

22.

~~b
a,/ 
/

82~~1~~~

2cr = 
8.797 

= 0.72315

a 0.3616 = 20.72°

sina = 0.354

— , 
= 

R’ sina = x 0.354 = 8.123

y = 7.962 + 0.67 - 8.123 = 0.509 wall

semicircle y = 0.4244R = 0.4244 x 0.56

= 0.237

semicircle I = 0.1097R4 = 0.0108
0
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2 2Wall A rea ( R - R. ) a 4.1)202
0 1

Wall = -~~~ (R - R.
4
)(1 + ~.1naLosa ) ~~ 2

0 4 0 1 a Y

3 32 sin~ (R - R. )
Wall ) = ____ 

0 1 = 
~ 4.O~~2 

x 138.44 = 8.127

Section Dimensions Area y Ay Ay 2 10
Lug 2x0.2375 x 0.82 0.3895 2.25 0.876 1.9718 0.0218
Lug 2 x 0.2375 x 0.778 0.3695 0.389 0.1437 0.0559 0.0186
Wall 6 x 0.67 4.02 -0.509 ) -2.046 2 1. 041 5 0 .1504
Wall - 1 .571 x 0.562 -0.493 -0.237~ +0.1168 -0.0277 -0.0108

4.286 -0.212 -0.9097 3.0415 0.18

C = 2.66 + 0.218 = 2.878

= 
~~~~~ 

+ 2A
>~
2 

-

= 0.18 + 3.0415 + 0 . 2 122 ( - 1 .9097) = 3.028 in.4

I 
— 

3.028 
— 1 2C 

- 

2.878 — .05

The load on section K- IC is: -

is: ~
‘kk ~L 

= 318k COND 2-’~ and the moment acting about section K-K

Mkk = x 3.25 + 
~L x e = 87.698 IN-K

The bending stress 
~b is then:

= 
Mk c  83.3 ksi

32
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The compressive axial stress is:

f =~~lU( = 318 = 75 ksiC
K 4 76

b/t = 2.60,~12375 = 11.2

then is 130 ksi (one edge free) .

Rc = f c  = 75 = 0.332

= Lb = 83.3 = 0.646 (Conservative)

The margin of safety for axial compression and bending is:

MS = 2 -1

~~~~~~~~ 
~~~

2 + 4 R 2

= +0.27

Section C-C

Section C-C is located 1.31 inches above the foot of the fitting. This
section will be checked for combined axial and bending loads .

Rt 7.962 in . R = 8.632 in R = 8 . 2 9 7  in

t = O . 6 7  in.

Pc = P L = 3l8 K COND 2-A

The moment about section Ct is
M
~~

= P L (~
7L - 5 )  with

~~L
= 8.323

To deternthie~~~:

Let w — 4 . 5 6
2 a — W/R = 4.56/8 .297 = 0.5496
and a .0.275 or 15.74° the sine of a —0.2715

33
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~1

can be calculated as:

— R sin c~ = 8.297 x 0. 2715
a 0.275

8.191

Mcc is then 318(8.323 - 8.191) = 42 IN-K

The area at section C-C is 4.56 xO.67 = 3.05 in~

I/c = bt 2 4.56 (0.67) 2 
+ 0.341 H,

-
:

P
The axial stress is found to be: f = —i- = 104 ksiC A

and the bending stress is: 
~b ~~~~~~~~ 

= 123 ksi

R ~ s then .~E-~ = ~~~~~~~~ = 0.460 and Rb = -

~~~~~
— = = 0.544 (Conservative)

The margin of safety is: MS = 2 -1 = +0.240

p~~~ + sI~~2 + 4 R 2

— - , 
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WING SWEEP INBOARD ACThA1OR FITT I NG

The stiffened web design (machined forging) was chosen as the final
candidate for validation of the AFI41O steel .

The analysis used the structural analysis curves and AF 1410 steel
material properties under Appendix B , Structural Analysis Properties. The
applied design loads were the same as those used by the B-i Stress Group for
the titanium baseline component. Conventional stress analysis techniques
were used per references 1 and 2.

A su~inary of margins of safety are presented in table 8 in which mar-
gins less than +0.50 are listed . Typical anal yses are provided in the follow-
ing pages .

The critical loads and conditions (figure 6 ) have been identified as
an actuator tension load ~condition 1) and a compressive load (condition 2)
of approximately 70 percent of the tension load magnitude . The support
fitting serves to transfer the outer wing sweep loads into the wing carry-
through structure via the YF932 bulkhead and ribs at XFl2l and XF84.

The stress analysis of the machined forging-stiffened web design checked
the fitting attachments to the substructure for shear and tension, the webs
for shear buckling, and the caps for axial tension and/or compression. The
actuator attachment lug region was checked for the maximum actuator load case
of 922K tension. No negative margins were identified in the analysis.

i

I
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l ab l e  7

SU?+IARY - CRITICAL MARGIHS OF SAFETY (MS 0.50)
INBOARD SWEEP ACTUATOR FITTING - STIFFENI.D WEB

DESIGN - MAGIINED FORGING

Margin of Page
Iten Description Load Conditions Safety No.

Fastener Fasteners at X
F 

84.’05 PACT = 922K +0.46 4 ’)
check Condition 1-B (attach shear

~ tens ion)
Fastener Fasteners at XF 121 PACT =“-672 K +0 .08 44
check Condition 2-A (attach shear

~ tension)

84.05 Web check - Condition 1 +0 .10
(shear)

87.3 Web check I Condition 1 +0.05 45
(shear~~
buckl ing)

X
1~ 
90.1 Upper flange Condition 1 +0.18 45

(tension)

X.~, 95.63 
- 

Web check ~ond it ~on 1 ÷0.05 ~
r (shear

buckling)

95.63 Upper cap Condition 1 - ÷ 0 .20
(tension)

95.63 Lower cap - Cor~1it ion 1-B - 
“0.30 45
(crippling)

101.15 Web check Condition 1 +0.07 47
(shear -
buckling)

101.15 Upper cap Condition 1 +0.21 48
(tension)

X,. 101.15 Lower cap Condi t ion 1-B +0.17 48
(crippling)

36 
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Table 7 ( C o N l )

SLM’~ARY - CRITICAL MARGINS OF SAFET( (MS < 0.50)
INBOARD SWEEP ACTUATOR FITTING - STIFFE.\ED WEB

DESIGN - MAG1I~ED FORGING

Margin of Page
Item Description Load Conditions Safety No.

X
1~ 
107.4 Web check Condition 1 +0.08 4 5

(shear-
buckling)

107.4 Upper cap Condition 1 +0.24
(tension)

107.4 Lower cap Condition 1-A ~0 O 1 4 5
(crippling)

Section Web check ‘ Condition 1 +0.03 45
X

F 
115.0 (shear

buckling)

XF 115.0 Lower cap Condition 1-A +0. 10 45
(crippling)

Y 923.35 Section check of Condition 1 +0.42 49
F forging under pj~ 

(cr ippling)
attachment

Lug Lug analysis Condition 1 +0.16 50

XF 
122.75 (shear-out) PACT = 922 K (shear-out)

Lug Lug analys is Condition 1 ÷0.40
122.75 (shear bearing) (shear 51

bear ing)

Lug Transverse shear- Condition 1 +0.45 52
XF 

122.75 bearing (transverse ,
shear

i bearing)

_ _ _ _ _ _  -__ _
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Cond 1 t 
~ACI’ - t~ 72 K /

I R, 672 x 320 = 233 K
922

= 672 x 860 = ô~ 7 K
i

R3 
= 672 x 747 = 544 K ___

Reaction Load Distribut i on

Case A Let R3 be dist r ibuted proportional to fastener areas or
allowables .

Case B Let R3 be reacted by un i fo nn shear flow over L = 41 inches

q = R = 747 = 18.22 K/ IN
t 4T

Cap Loads, Web Shears

See figure 7

Cap Areas f i n .  2 )

Section tipper Cap Lower C~ip
2 ] .39 ~.8l
3 ~.34 1.70
4 3.00 1.70
5 3 .75 1. 70

6 7.49 1. 70 
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CAP WADS , WEB SHEARS

— 
S1 ,. t jOlt

Load 7 6 5 4 3 2 1 0

P~ (K) 864 -799 693 5t Y 445 272 159

PU (K) 845 780 678 557 435 265 155 0

~L 
(K) -195 -223 -245 -207 -168 - 77 - 8 +73.5

-135 -180 -216 -209 -188 -118 - 59 +36

q (K/IN) 9.9 12.0 16.3 19.4 26.6 36.0 42•8 53.3±

XF 120.87 11,5 107.4 101.2 95.6 90.1 87.3 84.05

* Case A
> C o ndi t inn 1

** CaseBJ

t See 1 ig.lre 7

ATTACHMENT LOADS

Case A Assume R3 reacted proportional to allowables or shear area
of fasteners.

pSU : Dia 3/4 in. Al lowable = 55K ; 7/8 i n .  ~5K ; I in. = 98K

XF 120.87 111.3 104.3 98.5 93 88.7 84.05

~~2 - I i n .
Fasteners 1+4-7/8 in .  6-3/4 in. 4-3/4 in. 4-3/4 in .  4-3/4 in. 2-3/4 in. 4-1 in.
Shear Allow. 496K 330K 220K 220K 22~ K 110K 392K
t (in.) 0.40 0.3() 0.30 0.30 (1 .30 0.30 0.40

Shear Allow
~~Shear Allowable = 1988 Ni ps , Proportion = 

~~~~~

Proportion: 0.249 0.166 0•lll 0.111 0.111 0.055 0.197

The distribution of the reaction R3 is:

AR
3 

= 186k 124k 83k 83k 83k 147k

-~ 2

— - ‘ - ‘ - - . -; .-
- .~~- I - . .



Case B - linifoi,n shear distribution of R3 over the length between
and R2 is 41 inches.

q — 747 18.22 K/IN

The shear distribution is then :
120.87 111.3 104.3 98.5 93 88.7 84.05

t~R3 149 K 135 K 114 K 101 K 102 K 51 K 95 K

Attachment check at 84.05 (220 I-if bolts) There are four 1 inch fasteners,
su k tu kP = 9 8 , p  = 141 .

• 
R

2 
is 320 kips tension, R3 , case A, equals

~T — 320 — 0.568
I41~c4

— 147 = 0.376

Assuming a circular interaction equation, the margin of safety (MS) for
attachment shear and tension is:

MS s 1 -l = 1 -l = +0.46

2 ~~~~2 -

~~ ÷
~~~~~~

Attachment Check at 121 (220 HT Bolts)

(2) Two 1-inch dia bolts + (4) Four 7/8-inch dia bolts

p
SU g8k

/~~~lt psu _

~tu j4lk,~~lt ptU 108k/bolt

43
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Allow = 2 x 141 + 4 x 108 .~ 714k

Allow 
~~~ 

2 x 98 -
~ x 75 = 490K

Applied 
~T 

= ~ x 860k’ 02O1~ (Ten) COOLI 2-\
92.?

Applied PS = 672 x 185k 
= 136K (Shr)

922

= ~S/~ = i 3~/ i~ o 0.298

Rr = 
T/~ = 020/714 0.877

= 1 -1 1. -1 = (Attach. ) +(~~~ Q~~

Shr + Ten
+ p4, 0 858 Cond 2A

S~~TION Q-IECK

There were six main section checks of the webs on the actuator fitting.
Figure 6 shows the position of each section. Each of these checks consisted
of margin of safety calculations for web shear buckling, upper cap tension and
compression, lower cap compression, and interrivet buckLng in the lower cap.
Shown here is a typical section check including each of the aforementioned
canponents. Table 8 is a sun~na ry of the marg in of safety calculations
for the six sections checked .

f

~M.

44~~ Kb

I ~~~‘ ~~ ~~ .C. ~ / IS 
~ b 26. 6 X 8.5 226K

~~~~ J I IL _ ________ i~st~ c~s~~*
A 

4 

~~~ c~~~~~~~ p~

X~10l.15 XF95
~

ô3

44
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For section ‘
~
‘F 101.15 (4-4):

[~ 3 x (V3 + V eb )] + x h 3
p = 

_______—______
U

4 114

and P = 5.52 x (83 + 226) + 435 x 8.5
U

4 9.7
= 5403 = 557 k ips

Then , 2 2 x Pu = 5.04 x 557 = 569 k i ps
P S ~~~~~~~ 4 5.52

U
4 ~l

h A - h ~p = x P = ~~~~~~~~~~ x 5S~ = 121. 08 kips
1 U

4 
.

V = 226 + 83 - 121 = 1881<

from which q4 can be determined as ,

= V = 188 = 19.38 K/IN
9.7

The lower cap shearing force T L u~n I-~ determined now. Both attachment
loading assumptions will be 4 checked.

Case A R3 reacted proportion~J t- allowables or shear area of fasteners

P = 435 - 557 - 1 8  + 83 = -207KL4
Case B Uniform shear distributio~i.

p = -557 + 18.22(X 101.15 - X 82.05) = -209 1<L4 F F
The web is now checked for shear buckl ing.

t = .210

f = q av = (19.4 + 26.0) = 109.5 ksi
S 2 x .210

f = q = 26.6 = l2o.o k si
S 

~

4 6
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The ratio bit is now determined such that b is the web length and t is the
thickness.

and Fscr  is fotiid from A~~endix B as 135 ksi.

The webshear buckling margin of safety is

M S (Shear Buckling) - - 1 - 1 - +0 .066

max

The upper cap is n~~ checked;

‘€1
The area of the cap Ac = 0.80 x 3.35 = 3.0 in. 2

p.

ft =~~~~~~~~~~ = 189.7 ksi Cond l

p
tU 

~ 230 ksi

f x f - -138 ksi Cond 2c 922 t

k_  3.75
t 2 x 0 . 8

Fcc - Fcy — 226 ksi

47
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The margin of safety for cap ten~ ioI1 i s :

F tU

~. i S ( C a p Tension) 
~~~~~ 

l~~~~ y 7  I ~~~~~~~~~~~~~~~ Cond i

The lower cap area A ’ = 5.66 x 0 .30 = 1.70 in . 2

fc = = = 12 3 ksi (Case B)

b 5.66 —

t 2 x 0 .30

F = l 4S ks i
cc

The lower cap cri pp ling marg in of sa fety is:

MS (crippling) = - 1 = - 1 = +0 . 17 Cond 1-B

Check for interrivet buckling.

S 2.9
t 0.30 

-

F~~ = 216 ksi (Appendix B) and the interrivet marg in of safety is:

MS (interrive t buckling) = 44~ 
- 1 = 

_____

In addition to the section checks of the major 
webs, a check of a section

of the fitting under the lug was checked 
for crippling. 

~F 
923.35 was

chosen.

~iir~ ~4 ~, 4o

T t
‘ ~~~0.30 (typ)

Area=6.66 in.2

I .uL_~Js c1
Fm

48
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The axial load on the cross-section is determined by

~ 

. R~ x \/1.882 
+ 14.35 • 14.473 x 860= 867 kipsax a 14.35

and the shear load is: P5 — 1.88 x 860 — 113 kips
I~~~~3S

The axial stress is f — P/A — 867 — 130 ksi

= = 4.7 (one edge free) Fcc = 226 ksi

— 16.0 (no edge free) 
~~~ 

- 185 ksi

The margin of safety is then

F
MS~~~~~~- l ~~~f~- l + 0.42 Crippling

C

LUG ~HE~K

Condition 1 with “ac = 922 kips produces the greatest load on the H
actuator lug. The lug wili be checked for shearout , shear-bearing , and
net tension. .

49 

: -: -



_ -~~

__________ 4 ~~iou -H h’ ~ ~*.~38R. ~~~~

H
_ (~~~

‘

~~~~~~r’~~~~~ 

\.
~

-. 
~~~~~~

--
, 

-_ - r• 
~~~~~~~ ~ 

~
—7’~ 

1

7

. I !~$ 5 1 

~~~~~~~~~

—

First , tJ-e lug will be checked for shear-out. From Appendix B table A-I,
Fsu = l4~ ksi , we can assume a 60-40 load distribution of the actuator
load , P . The shear ou: load then becomes:act

~~S0 FS~
J ( R - Z ) x 2 t

= 147 ( 1 .38 - 4.50 ) x 2 x 1.028
-7-

= 64~ ~ i ps/ 1ug a~ 1owabIe

and the applied plug 0oo x 922 = 533 kips. The ma rg in of safety is:

= I SO 
~ = 644 -1 = +0.16 shear-out

553lug
The lug ~s also checked f ’r  shear hearing -

D 4.5 = • .39 and ~~
- -

~
--

~
--

~~~~ = 0.973
t 1.026 U 4.5

Kb from reference 1 is 0 . 7 . From this the ultimate shear
bearing ~er lug is:

F1’
~’~’ = Kbr Ft~ ~~r 

= 0.73 x 230 x 4.5 x 1.026

775 K/ lug

50
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The load on the lug is = 0.60 x P = 553 K. From this we can
determine the shear-bearing ma~gin of safety as:

MS = ~~~~ 1 = - 1 = +0 . 40 (Shear Bearing)
lug

Net Tension

We can assume W/D 2 x 4 . 3 8  
= 1.947

Kt from reference 1 is found to be 0.97. Therefore , the ultimate
tension load is:

= k~F~~A~~= 0.97 x 230 x (4.38 - 2.25) 2 x 1.026

= 97.5 K/lug

and the load distribution on the lug is

P 0 . 6 O x P =  553 Klug

and from this the margin of safety is found to be:

MS = ~~~~~~ - 1 = - 1 = (Net Tension) + 0.76
lug

Transverse Load Check

~~~ The bearing area = D x t

~~~~~~~~~~~~~~~~~~~~ 
~~r 

= 4 5 x  1.026 = 4.61 in. 2

If we assume A • A = 2.6 x 1.026 = 2.66 in. 2
~~~II~~~~~ 

~~~~~~~~~~~~~~~~~~ 
and A2 = A3 = ~4.38 1_ 2.25)1.026 = 2.18 in. 2 the
average a:a is

_

then 

6/ avg ( 3/A , + 1/A2 + 1/A 3 + 1/A4)

. 2
= 6/2.421 2.48 in.

51~
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The ratio of average area to hearing area is

A -

= ~~~~~~ =
4.61

from reference 1 K = ( . 70 and K = 0. 68
bru t ry

= K. A. F x = 0 . 76 x 4. 61 x 230 = 808 K
tru nru or tu

p ’ = K A. F v = 0.68 x 4. 0 1 x 215 074 K
try try nr ~~~~~

and

~Iug 
= 0. 6 x P~0~ = 0.0 x ~J~~~2 = 533 K/lug

The margin of safety is then

MS tI~U - = - 1 = (Trans. Shear) +

lug

52
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FATI GUE AND FRACTURE MEQ-IAN ICS ANALYSIS

Each of the candidate fittings for the lower cost by substituting steel
for titanium (LOCOSST) final analysis phase was subjected to fatigue and
fracture mechanics analyses to assure that the predicted life under the design
spectrum loading would meet the fatigue design requirements of MIL-A-8866A and
the damage tolerance requirements of MIL-A-83444 per the LOCOSST program
Statement of Work, paragraph 4.2.1. Simply stated, the fati gue requirement
is to insure that the design will not initiate a fatigue crack in four life-
times of predicted service usage, and the fracture mechanics (crack growth)
requirement is to insure that an undetected flaw in the material will not
grow to critical size within two design service lifetimes.

The emphasis of the damage tolerance analysis is in the calculation of
subcritical flaw growth. The life requirement must be obtained between the
specified initial flaw size and the critical flaw size defined by limit or
maximum spectrum load. (Refer to MIL-A-83444.) The assumed initial flaw size
is determined by the assumed location of the flaw , and the life requirement to
the critical length is a function of the assumed inspectability level of the
structure. For all analyses done in this phase, it was assumed that the
structure would be classified as “in-service noninspectable,” requiring the
capability of sustaining two design service lifetimes of slow crack growth
before failure.

The analytical crack growth prediction methodology employed to calculate
subcritical flaw growth is based on the principles of linear elastic fracture
mechanics. Rockwell computer program, EFFGRO, was used for ~erforming the
crack growth predictions. EFFGRO utilizes a specialized integration routine
where an initial crack size, aj, is chosen and the crack growth rate, da/dN,
is integrated to yield the relationship between “a” and “N” for the given
stress spectrum. The influence of stresses in the compression region on
crack growth rate are taken into consideration.

The fatigue crack growth rate equations used in EFFGRO are the following
Paris-type equations with the addition of Walker’s stress ratio correction
index, m , and the exponent, q, which accounts for the influence of compression
stresses on crack growth.

When R, the stress ratio, �0, = 

n

(l-R) 
m

and when R<0, = C [(l~R)~ ~~
where c , m , and n are experimentally determined constants from tests at
positive stress ratios and q is determined from negative R tests, aK is the
stress intensity factor range , and 1

~m~~ 
is the maximum stress intensity value

for a given cycle.
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MATERIAL PROPERTIES USFD IN 11IE M4ALYSI -

flu - fa t  i~ iie s t L e s s /cy~Je l i f e  (S/~) data and the fat i gue cr ack gru -~ti i
rate (da/dN) data uscd in the funal analysis uccie generated by the mater ial
development test program conducted during this phase. Thi s data is repoct ed
in section V I .  The mo dif ied  Goothami diagi ;un~ were coded on punched cards for
use in an auton~ ted fa t i gue l i f e  predicl ion program which employs Miner ’s
rule of linear cumulative damage for the life predictions.

flie Walker equation coefficLnts u ;ed in the crack growth analyses were
determined from a best fit stra i gh t l ine  throug h the da/dN versus ~K crack
growth data. A 3.5—percent salt water solution was selected as the environ-
ment for the crack growth analyses . This is a somewhat conservative choice
of design environment, hut seems to be more appropriate for the service life
of these fittings than either ambient laboratory air or sump tank water.

WJNG SWEEP ACTUATOR AT~AQ 1 FITTTN~

Four specific sections of the w ing sweep actuator attach fitting were
analyzed for durability (fatigue) and damage tolerance (crack growth).
These sections are identified in £ig~ire 8 . The cross sections selected
were those identified in the static stress analysis as having the highest
stress levels in that member. Stress tcansfer functions from the static
analysis were used to relate the ictuator load s to the stresses in each
member for each step of the design f~’ti~ue spectrum .

For the fati gue analyses , geometric stress concentration factors were
determined by conventional fati~~. ’ a - ia l i s i s  methods . For specific points of
reference , the actuator at tach lug, point three , has geometric Kt equal to
2.7 together with an average net section l imit load stress of 70 ksi.  The
diagonal flange , point two , has a relat~vc-ly h i gh operating limit stress of
130 ksi , but the K t factor on t h i -  tnrnotched section is less than 1.5. The
bolt holes i.n the at t ach flange, point one , have a Kt of approximately four ,
but the operating limit load ne~ -section tension stress is less than 80 ksi.
The fatigue analyses of each of t e ~;e points predict l ives well in excess of
the required four ai~-craft li . fetLi€3 .

For the damage tolerance ama tys.~s, crack g:’owth rate predictions were
made for the operating .tress spectra and with the requi red assumed initial
flaw size per specification I~llL--A-83444 to qualify the structure as “slow
crack growth.” Figure 9 shows the predicted growth rate of an assumed
0.005R initial corner flaw in a 3/4-inch-diameter boithole in the flange
which attaches to the station 932 bulkhead. This small initial flaw size
assumption is permitted by the fastener pol i cy ~1aiise i n MIL -A-83444 .
Figure 10 shows the predicted growth rate of an assumed 0.125R initial
corner flaw in the diagonal flange at stalicn Xf ~0. Fi gure Ii shows
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FATl~ JE AND FRACFURE MEG-IAN ICS ANALYSIS

Each of the candidate fittings for the lower cost by substituting steel
for titanium (LOCOSST) final analysis phase was subjected to fatigue and
fracture mechanics analyses to assure that the predicted life under the design
spectrum loading would meet the fatigue design requirements of MIL-A-8866A and
the damage tolerance requirements of MIL-A-83444 per the LOCOSST program
Statement of Work, paragraph 4.2.1. Simply stated, the fatigue requirement
is to insure that the design will not initiate a fatigue crack in four life-
times of predicted service usage, and the fracture mechanics (crack growth)
requirement is to insure that an undetected flaw in the material will not
grow to critical size within two design service lifetimes.

The emphasis of the damage tolerance analysis is in the calculation of
subcritical flaw growth. The life requirement must be obtained between the
specified initial flaw size and the critical flaw size defined by limit or
maximum spectrum load. (Refer to MIL-A-83444.) The assumed initial flaw size
is determined by the assumed location of the flaw, and the life requirement to
the critical length is a function of the assumed inspectability level of the
structure. For all analyses done in this phase, it was assumed that the
structure would be classified as “in-service noninspectable ,” requiring the
capability of sustaining two design servicc lifetimes of slow crack growth
before failure.

The analytical crack growth prediction methodology employed to calculate
subcritical flaw growth is based on the principles of linear elastic fracture
mechanics. Rockwell computer program, EFFGRO, was used for ~erforming the
crack growth predictions. EFFGRO utilizes a specialized integration routine
where an initial crack size, a~, is chosen and the crack growth rate, da/dN,
is integrated to yield the relationship between “a” and “N” for the given
stress spectrum. The influence of stresses in the compression region on
crack growth rate are taken into consideration.

The fatigue crack growth rate equations used in EFFGRO are the following
Paris-type equations with the addition of Walker’s stress ratio correction
index, m , and the exponent, q, which accounts for the influence of compression
stresses on crack growth.

When R, the stress ratio, ?0, -~~~~~ 
= C [ 

~~ 

n

1- R)

and when R<0, = C I(l~~ Kmax]

where c, m , and n are experimentally determined constants from tests at
positive stress ratios and q is determined from negative R tests, 4K is the
stress intensity factor range, and ~~~ is the maximum stress intensity value
for a given cycle.
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MATERIAL PROPERT IES USED I N lif E A~-ux SI-

The fat  i glie st i ~e— s / c )  d c  Ii I c  (~
- /

~~~~) data and the fat  i gue c rack gru - . t i
rate (da/dN) data used in the t hial analysis ~cu-e generated by the material
development test  program conducted dur ing this Phase . This data is reported
in section V i .  The mo dif ied Goodnan diagrams were coded on punched cards for
use in an autoriuted fat i gue ii fe predict ion program which employs Miner ’s
rule of linear cumulative damage for the life predictions.

fhe Walke r equation coeffici~iuts u ;cd in the crack growth analyses were
determined from a best fit  stra i ght l ine  through the da/dN versus ~K crack
growth data. A 3.5-i~ercent salt water solution was selected as the environ-ment for the crack growth analyses. This is a somewhat conservative choice
of design environment, but seems to be more appropriate for the service life
of these fittings than either ambient laboratory air or sump tank water.

WiNG SWEEP ACTUATOR AT 1’AUI F I T F I N ~

Four specific sections of ~hc w ing sweep actuator attach fitting were
analyzed for durability (fatigue) and damage tolerance (crack growth).
These sections are identified in Eig ire $ . The cross sections selected
were those identified in the static -tress analysis as having the highest
stress levels in that member - St re-s s t arsfer functions from the static
analysis here used to telate the actuator loads to the stresses in each
member for each step of the c~esign f~’ti gue spectrum.

For the fati gue analyses , ~eometric stress concentration factors were
determined by conventional fati~u~ a ial -’sis methods . For specific points of
re ference , the actuator a t tach 1n~ - point ti ree , has a geometric Kt equal to
2.7  together with an average net section limit load stress of 70 ksi. The
diagonal flange, point two , has a relat 1vcl y hi gh operating limit stress of
130 ksi , but he Kt factor or’ t}-i i~~ imnotched section is less than 1.5. The
bolt holes In the at t ach flange , , o ] r i t  one, have a Kt of approximately four ,
but the operating limit load ne-c -;eLtion terj sion stress is less than 80 ksi.
The fa ti gue analyses of each of t e - - e  points predict lives well in excess of
the required four ai~craft lifet i~~-s .

For the damage tolerance ana~~~-s , crack g:owth rate predictions were
made for the operating ~tuess spectra and with the requi red assumed initial
flaw size per specitica t ion MIL--A-83144 to qualify the structure as “slow
crack growth .” F igure 9 shows the predicted growth rate of an assumed
0.005R initia l corne r- flaw in a 3/4-inch-diameter boithole in the flange
which attaches to the station 932 bulkhead. This small init ial  flaw size
assumption is permitted by the fastener pol~ cy clause i n MIL -A-83444 .
Fi gure 10 shows the predicted growth rate of an assumed 0 .l25R in i t ia l
corner flaw in the diagonal flange at staticn Xf ~O. Fi gure Ii shows
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the predicted crack growth rate of an assumed 0.OSR initial corner flaw in
the net section of the lug hole. Figure 12 shows the predicted growth
rate of an assumed initial 0.l25R part-through crack in the 0.300-inch-thick
wall of the lug support frame.

All figures show that the predicted crack lives to critical length are
in excess of the two aircraft l ifetimes required to qualify structure as
“slow crack growth” per MIL -A-83444. All fatigue and crack growth analyses
were done to the B-l 395 ,000-pound gross weight operational spectrum .

WING PIVOT INBOARD SHEAR FITT ING

The only critical section in fatigue or crack growth on the pivot shear
fittir~g is the actuator attach lug hole. This lug has an outside radius of
1.38 inches, a local thickness of 0.32 inch, and a pin diameter hole of
1.062 inches. The geometric stress concentration factor, Kt, based on these
dimensions , is 3.25 at the edge of the hole. Using a quality factor of 1.2,
the effective stress concentration factor used for the fatigue analysis was
1.2 X 3.25 = 3.90. An analysis to the operating spectrum stress on the lug
net section -produces a fatigue life well in excess of the required four
lifetimes .

A crack growth analysis was made on this same net section assuming an
initial corner flaw of 0.05-inch radius at the edge of the lug hole. Crack
growth rate properties used in this analysis were for a 3.5-percent salt
solution environment. The life of the assumed initial flaw under the operat-
ing stress spectrum exceeds the two lifetime requirements of MIL-A-83444. A
plot of the predicted crack growth rate is shown in figure 13 All other
sections on the body of this f itting have less severe stress concentration
factors and are not critical in fatigue or crack growth.
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Section VI

DEVELOPMEI~ff TEST PROGRAM

MATERIAL PROPERTIES

PURPOSE AND OBJECTIVES 
-

Purpose

A series of material property tests were conducted to provide the
essential data required for detail design of full-scale components for static
and fatigue testing later in the program and for more accurately predicting
serviceability, fabrication methods, and production costs using AF 1410 steel.

Test Objectives -

Test objectives for this program are as follows:

1. To provide a check of basic mechanical properties of production
size heats of the material against those previously obtained on -
subscale heats. -

2. To provide a im~re complete set of data on basic properties and
fatigue characteristics of the parent metal and, in addition, the -

effects on these properties of selected manufacturing processes -

which are ordinarily used. 
-

3. To provide mechanical properties, static and dynamic, of butt and
fillet welds.

TEST MATERIAL -

AF 1410 steel used for all tests was produced by the Universal-Cyclops -

Specialty Steel Division of Cyclops Corporation under separate Air Force
contract. The material was hot-rolled plate in varying thicknesses up to -
2 inches. Material received was rolled from VIM-VAR ingots from three
separate heats identified by Cyclops as L-36l6Kl3, L-36l4Kl8, and L-3550K20.

Weld wire used for weld specimens is 0.062-diameter AF 1410 steel. It
was made by U.S. Welding in Tarzana, California, and identi f ied as heat
TLA 260.6. The chemical compositions of this weld wire and the rolled plate
heats are given in table 9.

6 3  -
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Table 9

CFII-NICAI. ANAJXSIS
•~j: 1410 STEEL PLATE AND WELD WIRE
_  -_

Plate Heat No. Weld Wi re

Element L3550K20 L3614K18 L3616K13 TLA2606

C 0.16 0.16 0.17 0.15
0.07 0.076 0.06 <0.05

Si 0.03 0.03 0.04 <0.01
S 0.002 0.002 0.001 0.005
P 0.005 0.004 

- 0.004 <0.001
Cr 2.06 I 1.99 - 1.91 1.90
N2 0.001 0.0005 0.0002 0.0004
02 0.00 06 ;i ) .IJ00 - 0.0003 0.0052
Ni 10.14 1 J . ~ 2 10.10 9.82

I 1.02 ~. u4 - 0.97 1.00
Co 

- 
13 . 91 - I~ .-I 2 13.98 13.76

Fe Bal - i~a~ Hal Bal
Al 0.001 1.003 0.003 0.025
Ti 0. I U 3  0 . )0-I 0.004 <0.01

SPEC ThIEN t:ABR 11 ~.1F I

~~t e r i a l  l ie - a t  —

The material was n - c-i ~ed ir~ the as-rolled condition. For the nonwelded
specimens , blanks ~-, c - i t ~ fully h~at tie a cd and aged before machining. For
spec imens to be welded , th e blanks ~ -r~ double --austeni.tized , machined for
weld edge preparation , manual L1I~W- w. -l ied , age- I, then finish-machined. All
heat treatment was conducted ii ~uul) ~~~11 - a i r  as foll ows :

• Austeni t  i :e 1 ,650 ° F - 1 hour . ~-;ater-quench

• Austen i t i ze  1, 500° F - I hour, water-quench

• Age 950° F - S hours, air-coo l

Temperature control was maintained within ±25° F for austenitizing and
tlO° F for aging.
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~~~~ining and Processing

All machining of specimens was done by regular production methods and
machines using cutting tools normally used for high-strength steel. Sharp
notches for star t of fatigue cracks were machined by electrical discharge .
After machining, specimens for manu facturing process effects tests were given
a prescribed process by normal manufactur ing methods .

Welding

All welding was performed using the manual Cr AW process with argon gas
shielding. Butt weld joints utilized a double-U groove edge preparation and
were made using’ n~iltip1e passes as required.

Fillet welds were made using no edge groove for corner or partial pane-
tration welds . A J-type groove was employed for full penetration welds . All
fillet welding was with the mininuri number of passes required to achieve the
desired fillet size as specified in Rockwell Specification STO1O7LAOO19.

Radiographic and dye-penetrant inspection was performed on all butt welds
and full-penetration fillet welds . The partial penetration fillet welds were
dye-penetrant- inspected only (no radiography) .

TEST CATECDRIES AND PROCEtURES

Four categories of tests were performed on AF 1410 steel dur ing the
developnent test program:

1. Basic material prop erties

2. Fracture toughness and fatigue

3. Manufacturing process effects

4. Weld prop erties

The tests conducted in each of the four categories are defined in
tables 13 and 11
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Table 11)

STATIC ~~CHANI(’M PROPERTIES TEST t.~TR IX
Parent metal We idments

Basic I M anufacturing But t F i l l e t
prop . puoc ss effect welds welds -~~~

I 0 . 500 r (. Full ~- ~ thick ~~n. pen.
Type J ~o 

~~~~~~~~~ 0.375 .-~~~
‘

of ~ ~ 0 i  ~~~~ii~~ th ic k
U ~-1 ‘Ic ~~ ~ 4- -i ~J ~~ Ii C~ U r— U 

~~~
--——- 0 -

T~~~t I • CU c’i ~~~~~ ~~ 0 C~ ~d .~~ ~—I F J  (
~-I~~~ F’ )-— ~ ~~Ca 0 ~L ~~ “-I ~~ 1- .~~ —I >~ ~~ Ca •~~~~ .,.~~ ~~~, 

-

H Z v~ ~~ - t’) ~~ ~~ Ca -i-~ ~~ 4-~

65° F 3L + 2T - : 14 19

Tension RT 71. + 4T 2 2 6 14 5 5 5 5 55

265° -F SE. ~ 31 
- 

______ 
I _____________ 

8

Sustained 
. R1 10 1notch tension 

-_______  - ____ — 4
-65° F 3L + 2T S

Compression RT ~l. ~
- 3T 6

265° F 3L + 2 1

-65° F ~L + 2 T  S

Shear I RT 3L ÷ ~~

265° F :~L + i’ S
-

~~~~~~~~~

-- -—-- -

~~~~~~~

—-- --- -----------

-65° F I L  + IT

Bear ing 
-

ED= 1 .S dia RT I L  l~

265° F IL T 2

-65° F 
- 

:—L ~
- 

- 
5

Bearing RT :L ‘- 5ED = 2 dia

265° F 3L + 2T 5

*1 , I~ngitudina1 , T = tralisverse Total 144
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FRA~TURF TOUQ-INESS ANI) FATICIJL USfS MATRIX

Pa rent meta l We l duents

Basic Manufactur ing But t I i  l i e t
prop. process effects we~ds wc-lds

0.500 Corner Fu l l L
thic k pen pen

~~ .2 — —-
~~~
- -

~~~~~u a

-~~~ .~~ (1 . 3 7 5  th ick
i ype o ~- -r. ~-.-. ~~~ - •-~ Q. —‘. C -JI 0 C ~~ 

-
~~ -— -:

of -— ~~ u — r— F - -
- —  - — 0  ~ — ~~ — -  F

test ~~~~~~~~~~~~~~~~~~~~~~~ ~~ d -4~ 
-
~~

-65°  1 

— 

1R ~ +
ic RT 2RW + 2 2 8

RT - repair 
_____________ — 

1 — — — —charpy Rr 12 12 fl

Fatigue R = +0.5 1 11 1 -

unnotched I( = + 0 . 0 5  8T • 1!.  5 5 18 22 8 8 8 0 0~
R= — 1.0  h I  11 1

Fatigue 
— 

R +0.5 h I  ( I

Kt = 3.0 R = +0 .05 8T + 4L 12
R = -1.0 6T I)

_ _ __ _ __ _—  —-- - - -—--- -t  4—
Fati gue R = ÷11 . 5  bT - Ii

K = 5.0 R = + 0. 0 5  81 + 4L 12
t R = - I . 0  6T b

K RI STW 7W R+4RW i i
lscc 3. 5% NaCL 5K~ 5 5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1WR fat ôo cpm -

da/dN O.08R 1 ,800 cpm I _L  -_ — I
l R W at

___________ ___________ 
1,800 cpm 

— I _~~

da/ dN 0.08R -65° F 1WR at
Li-IA 1,800 cpm

da/dN O.3R RI lWR at I

I.HA 1 ,800 cpm

da/dN 0.3R RI IWR at 
—

3.5% NaCL 60 cpm
RT 2WR at 1

~ ~~ 0 08D 
3.5% NaCL 60 cpm — -— — — -— — 3

RT IRW at
_ _ _ _ _ _ _  

SN 60 cpm
L longitudinal R.W = crack prop norma l to roll direction Total 257T = transverse WR crack prop parallel to roll directi cin
LHA = low humidity air SN = sump tank water
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Basic Material Properties

tests  made for basic  ma te r i a l  p~oPert ics on wh I L  design a ! ~~~~~~ ~~rebased inc l ud ed tension , compression , shear , and Lear ing . These tests ~~~i e
run at -65° , 70° , and 265° F. The approach was to utilize the minimum heat-
t reated strength (S-T ype) properties for F tu and 1 ty, and emp loying appropria t e
r at i o i ng tec hni ques and MI L-HIJ B K -5 guidelines to develop allowables for Fey,
Fsu, and Fhru . All test spec imen conf igurations (refer to appendix C,
item s 1 th rough 4) and test ing techni ques for determining these allowahies
conformed to appropriate American Society for Testing Materials (ASN)
stand ards.

F racture Toughness and Fati gue

Kic values were determined using sta ndard ASTM E399 compact tension
specimens ( re fer to appendix C , item 5) .  Tests we re conducted at -65° F and
at room temperature , and the values for RW direction compared with those. for
WR direction at each test temperature. Testing , data collection, and data
interpretation were in accordance wi th AS’Th1 13399 standard.

Fatigue crack growth rate (da/dN) tests encompassed (1) material direction-
ality ; (2) the effect of cyclic rate; (3) the effect of R value ; (4) the
effect of low temperature ; and (5) the effect of both simulated sump tank
wate r and 3.5-percent NaC1 solution. Compact tension specimens per ASTM 1300
were employed for these tests (refer to appendix C , item 6) .  Load schedules
were selected such that predicted growth rates in the range of l0~~ to 10~~
i nches per cycle could be obtained . Loading of the test spec imens was accom-
plished us ing constant load , constant amplitude testing parameters. These
testing parameters consist of selecting a load range (at a constant ratio of
Pmj n/Prn ax i to provide data points  k i t h i n  various growth rate reg imes of the
da/dN curve. Delta K is increased with increasing crack length. Crack
growth was monitored throug hout the aurat ion of the test by 1 w-an~ of a cr:~ck
openi ng displacement (COl)) gauge . Testing in 3 1/ 2--percent NaC1 ~as accom -
pu shed by “bagging” the specimen in plastic film as shown in f igure  ~~ -‘~

Consta nt amp litude fa t i gue tests  wer e conducted using the spec imens
shown in appendix C, items ~ and 8. Stress levels ~ceie  v:~r ied wi th i n a
group of specimens so that S/N curves could be made . From the various S/N
curves generated , constant life diagram s were constructed .

St ress corrosion tests for KJs ç~ u t i l i zed the consUmt -deflect ion type
specimen shown in appendix C, item 9. Some tc-ts %-~ere conducted in simu lntc~
stniip tank water having the following composition :

CaC1 , 68 PPM CrC1-~ . 6}t,0 12 PPM

CdC l 2 
777 PPM (:ucl 

~ 
. .~~~~~ 0 2 7 PPM
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Figure 14 A da/dN Spec i men W i t h  Crack-Imersed in 3-1/2 Percent NaCI
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MgC12 22 PPM FeC I 3 2~ PPM

NaC1 194 PPM MnCI ’ . 1 I I - O  .-~~~

, P1~~ 1

ZnC1
2 

15 PPM Nj C1 . ,0 6 I’PM

PbCI 2 28 PPM D i s t i l l e d  
~~~ 

Remainde r

Othe r K i5~~ tests and five of the da/dN tests were conducted in a
3.5-percent NaCl + H 20 solution . This type of test allows the str ess
intensity, K, to decrease as the crack grows. Thus, when a specimen is loaded
above the Ki5~~ threshold level, 

the crack will extend until the stress
intensity , K , decreases to a point where the crack no longer grows. Load
levels were varied within the group of specimens to insure characterizing the
Kiscc of the material.

Manufacturing Process Effects

Certain manufacturing processes are known to adversely affect the pro-
perties of high-strength steels. In order to characterize these effects on
AJ~ 1410 steel , selected tensile and fatigue tests were performed on
specimens subjected to these processes . The processes explored were :
(1) grinding, (2) grinding plus shot peening , and (3) Ti-Cad , Electroless
Nickel , and Q~romium plating , all ba ked as required by the appropriate
specificat ion . Additionally , the hydrogen embrittlement susceptibil i ty of
AF 1411) was explored by conducting sustained- load , notched-tension tests on
chromium-plated specimens with and without baking. Refer to appendix C,
item 10, for specimen configuration.

Weld Pro per ties

A considerable expans ion of the weld joint testing portion of the p lan
has taken place during the initial  phase of the contract. Fi rst , a number
of tests were added for hutt weld joi nts in order to obtain standard allow -
ables for welds using production heats of material and normal weld ing tech-
niques . Second; a need was foreseen for f i l let  weld joint  data on both full
penetration and partial penetration welds ; conseaueritl y several tests of
these types were added . Butt weld tests encompassed tests for tens i on , fracture
toughness , fa t i gue , and stress-corrosion cracking . Selected tests were con-
ducted with the bead on and the bead off , and with both single and mult .

~~~~

repairs . Fillet welds of both partial and full-penetration type were te~,ted
in tension and fatigue only. Full-penetration fillet welds require special
machining in most cases to prepare the joint for welding, whereas partial
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penetration joints do not , which results in a less exnen sive weidment .
However , partial penetration jo ints  are usually employed onl y in seconda ry
structure due to concern for fa t i gue l i f e  of such a jo in t . The test plan
was designed to evaluate whether or not the added expense of a f u l l -p e n e t r a t i o n
fillet weld is required in a tough material like Al 1410 steel.  F i l l e t  weld
specimen configurations are shown in figure 1 5

RESULTS AND DISCUSSION

Parent Metal Properties

Tensile Mechanical Properties

The tensile mechanical pronerties obtained on 3/4- and 2-inch- thick
plates are presented in table 12 and 13 . The 3/4-inch plate was used for
characterizing most of the mechanical properties obtained in the program . The
2-inch-thick plate was used to determine Klc values, and li mited tensile test -
ing was performed on this thickness in support of the K ic calculations.

The individual test results exhibit very little scatter. The effect of
increasing the test temperature is to decrease the Ftu and Ft~ without anattendant change in ductility. Lowering the test temperature to -65° F
resulted in an increase in Ftu and Fty, with no significant change in the
ductility parameters. The results obtained with the two th icknesses were
comparable , and no anisotropy was observed.

Compressive Yield

The compression test results are shown in table 14 . The compressive
yield strengths are slightly higher than the tensile yield strength values
measured on the same thickness of plate ; the greatest increase in compressive
yield over tensile yield occurs at -65° F. A minor degree of anisotropy,
approximately 4 percent, can be observed in the -65° F data.

Shear Tests

The results obtained for the ultimate shear strength, F5~, 
are shown in

table 15 . Again, the material exhibited isotropic behavior at all three
test temperatures. The effect of temperature on the 

~~ 
average is similar

to that observed for the tensile properties.
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Table 14

COMPRESSION TEST RESULTS FOR AF 1410 ALLOY STEEL
ThREE-FOURTI-IS- INCH-Th ICK P LATE STOCK - UNIVERSA l, CYCIX)l ’S

HEAT NO. L3614 K 18

Specimen Specimen Test PC),
Identif ication Direction Temp 0 F ksi

A1LCR- l Long itudinal Room temp 248.1
A1LCR -2 Long itud ina l Room t emp 249 .3
A1LCR-3 Longitudinal Room temp 247.4
Average 248.3

A1TCR-1 Transverse Room temp 249.3(1)

A1TCR-2 Transverse Room temp 248.5
Average 248.9

A1LC2-l Longitudinal 265° F 232.9
A1LC2-2 Longitudinal 265° F 230.3
A1LC2-3 Longitudinal 265° F 227 .2
Average 230.1

A1TCZ-l Transverse 265° F 231.9
A1TC2-2 Transverse 265° F 233.9
Average 232.9

A1LCO-l Longitudinal ~650 F 262.0
A1LCO-2 Longitudinal -65° F 262.1
A1LCO-3 Longitudinal -65° F 263.0
Average 262.4

A1TCO-l Transverse -65° F 271.4
A1TCO-2 Transverse -65° F 273.6
Average 272.5

~
1
~Extensometer ran out of travel - yield strength extrapolated.
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Si lEA R TEST RESULTS FOR &I~ 1 -11 0 ~~! I,OY S’I’EE l .
‘tHREE— POUR’IlIS— I NCH— li I ICK P EAl F ‘1OCK - UN VLRSAI. CYCLOPS

HEAT NO. 1.36.4 K18

Spec hnen Spec irnen Test 
~~Su

Identification Di rection - lemj) F ksi
- - _ _ _  _ _ _ _  _ _ _ _ _

Ai1 SR - I I .ongitu di iia l Room temp 148.1
A 1LSR-2 Longitudinal I Room temp 148.7
A1LSR- 3 Long i tud ina l Room t emp 148 . 7
Average 148 . 5

— AlTSR~4(1) 
Transverse Room emp 146.9

AITSR— -1 (1) 
- i r I I i ’~v~~-~--L ’ Roon ‘:emp 148.1

A 1TSR— 
~ I ~

- irisvc~-.
-
~ e Room temp 150. 6

Average 148.5

A1LS2-6 I Long itudinal 265° F 139.1
AILS2-7 Longitud i na l 265° F 139.1
A1LS2-8 Long i~ u’.t na 1 - 265° F 139.7
Average 139.3

A 1TS2- 9 Transverse - F 1 141 . 0
AI T S 2- 10  Transverse 265 c F 139.2
Average 140.1

Al I SO-I l  Long it l J n : 1  
- 

_ 5 5 1  F 155.5
AILSO-12 1~ongitLtd .1a~ 

I -6~I 1’ 158 .5
AILSO-13 1.ongitudina l F 158.2
Average 157.4

AITSO-14 ‘ ra~ IE -x etsc -65° F 162.6
A1TSO-15 Trans~—c-rse ---65 ’ F 161.0
Average 161.8

~~ Shear cutters fai led during tc~;t.
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Bearing Tests

The bearing properties obtained at the two edge distances are tabulated
in table 16 - The values show that an edge distance of 1.5 t imes the hole
diameter results in approximately 100 ksi lower bearing ultimate strength
than an edge distance of 2 .0 .  Bearing yield values are not as markedly
affected by edge distance . With a 2 .0  edge distance , the bearing ultimate
is nearl y twice the ultimate tensile strength .

Fracture Toughness

The values obtained with the compact tension specimens are shown in
table 17 . Again, as with most of the other properties measured, no notable
anisotrophy was observed. The effect of lowering the test temperature is
rather dramatic, with a 90° F temperature difference resulting in a 20-percent
loss in toughness .

All tests passed the ASN validity requirements. The shape of the crack
front (precrack) was not straight, and is illustrated in figure 16 . However ,
this amount of waviness conforms to the ASTM shape requirements. Var iations
in precracking procedures were undertaken in an effort to straighten the crack
front, but these efforts proved unsuccessful.

Fatigue Tests

The tabulated data are presented in tables 18 , 19 , and 20 for stress
concentrations (Kt) of 1.0, 3.0, and 5.0, respectively. These same data are
presented as S/N curves in figurel7 through 2 8 .

The S/N curves for unnotched specimens (Kt = 1.0) are shown in fig-
ures 17 through 20. The longitudinal data (figure 6-4) and the transverse
data (figure 18) again reveal the lack of any observed anisotrophy, the two
curves being coincident with each other. Three stress ratios (R) were utilized
in the transverse tests, and this effect is shown for unnotched specimens in
figure 29 - As the stress ratio is varied from +0.5 to 0.0 and down to -1.0 ,
the S/N curve which results is lowered as expected. The effect of changing
the R value at ~~ cycles from +0.5 to -1.0 is to reduce the fatigue strength
50-percent.

The effect of stress concentration (‘
~~~~

) on the S/N curve is shown in
fi gure 30 for the transverse direction at R = +0.05. The fatigue strength is
expressed as a percent of the ultimate tensile strength, and was obtained
through interpolative plotting of the data obtained for = 1.0, 3.0 , and 5.0.
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TabiF 16

R EARING ThS I’ RESULTS 1-01< AF 14 0) - - L l f l ’ i S’FFEL
‘Il IRIifl-FOUR’II IS- IN Q -I - TIII CK PLATE STOCK - UNIVERSAl, CYCIflPS

III iP i’ NO . L3614 K 18
-_ _ _ _ _ _  ___

Spec iman Spec imen eli) Test F F
- - - - , .  bru hrIdenti fica tion Direction Ra t i o  l emp I’ Ks1 KS

Al LIII R- ] Longi tudinal  ~~. FI A .I temp 352.9 303.8

A 1LB 2R- 1 Longitudina l 2.  J I  RooF1 enq~ -~62. 
- 

319.7
A1LB2R- 2 Longitudinal 2 . Room temp 467.9 3—~7. 2
A 1LB2R- 3 Longitud ina l 2 . 0  Room t emp 473. Q 3 5L 6
Average - 468. 1 349.5

AITB1R -- 1 Transverse 1. 5  Room temp 344.9 300.t

A 1TB2R- i Transverse - 
~~. i i  Room ~cmp I 472 .8  350.6

A 1TB2R-2 Transverse ‘~~ I )  I Roe ~:emp 411.1_ 
- 

360.4
Average 472 . 0  - 355.5

A11,B12-1 Longitudina l .3 265° C ;44 .I )  
- 

301.9

AI LB 2Z- 1 
I 

Longitudina l .0 265° F 445.8 338.7
A1LR 22-2 Longitud i nal 2.0 - 265~ F 453. 2 339.6
A 11B22 -3 Iong i ti~ m d i  I I I 4S1~~~~ 3~~~

’ 
1

Average - 

-~50.! 341.9

A I T B I 2 - I  Transverse - 265 - 
F 347.h 301.9

A1TB2?- 1 Transverse 2. fr~~~ 5~~I 46( 1 i I
A1 T B?2-2  Transverse - 

~~~ I 
26~ ’.’ F 158 .3 

-

Average - I

AIL B I O — l  Long itud ina i ~~ 5 I  377.6 334.9

AI LB 2O-  1 I 
Longitudinal 1

,~~~ ~~ 1 - 500.0 380.6
A1I.820-2 - Longitudinal - . t ’  - - 55° ‘ - 505.2 388.6
‘ . \ 118 2 0 -3  Long i tud i nal I 

~~,I] - 6 5  
- 

1~~.7 369.3
Average 

- 

I 501.6 379.5

AITBIO-1 Transverse ~- 5 - ~~~~~~~ 

I 

321.9

Al’fB20-- l iransverse 1. (J -- 65 ’ F ‘ 500.9
A1TB2O- 2 Transverse 2. i)  --65 - F SQ

~~~~3 ~~9, 5
Average j 501.1 372.3
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Table 1 7

FRA~11JRE TOUGW~ESS TEST RESULTS FOR AF 1410 ALLOY STEEL
2-INCH-ThICK PLATE STOCK - UN I VERSAL CYCLOPS

HEAT NO. L3550 K20

Specimen Spec imen Test
Identification Direction Temp ° F K10 (ksi .f l fl. )

A3RWKR1 RW Room temp 147 .8
A3RWKR8 RW Room temp 131.3
Average 139.5

A3WRKR3 WR Room temp 141 .9
A3WRKR6 WR Room temp 131.4
Average 136.6

A3RWKR13 RW -65° F 109.9

A3WRKR11 WR -65° F 111.1

NOTE: All tests passed ASThI validity requirements.

The fatigue results were also employed to construct modified Goodman
diagrams for five stress concentration factors (Kt); these are shown in
figures 31 through 35 . Inasmuch as no significant difference was noted
in the longitudinal and transverse directions, the data were combined to con-
struct the diagrams .

Fatig ue Crack Growth Rate (da/dN )

The da/dN results are shown grap hically in figures 36 through 45
individual data points are contained in the table of appendix D. The data
allow a study of (1) the effect of cyclic rate, (2) test direction, (3)
R-factor, (4) corrosive environment , and (5) low temperatures .

The effect of crack direction with resp ect to the rolling direction can
be observed by comparing the results in figure 36 (RW direction) with those
in figures 37 and 38 (both WR direction). As previously noted by static
properties , the steel exhibited isotropic behavior; the growth rate in the
two test directions was essentially the same.
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The influence of the R- factor can be observed by comparing figure 3 7
(R = 0.08) with figure 39 (R = 0.3) . The higher R-factor of 0.3 resulted in
faster fatigue crack growth rates.

The effect of cyclic rate on crack growth rate can he observed in fig-
ure 40 - The specimen used to obtain these data was run alternately at
60 cpm and 1,800 cpm; several data points were collected at one rate and then
subsequently several data points obtained at the other rate. In general , the
slower rate exhibited higher crack growth rates; however, this difference
becomes less as the K is increased.

The results obtained in a 3-1/2-percent NaC1 solution and in simulated
sump tank water are shown in figures 41 through 44. The slower, 60 cpm
testing speed resulted in a slightly faster crack growth rate. This effect is
probably due to the additive influence of a stress-corrosion mechanism of
crack growth acting concurrently with a fatigue growth mechanism, the slower
test speed resulting in longer total times at high stress-levels, and hence
a greater stress-corrosion mechanism effect.

One specimen was tested at ~6S~ F, and the data obtained are shown in
figure 45.

A typical da/dN specimen resulting from these series of tests is shown
in figure 46 - Note that the starter-crack front (shown on the left side of
the top photo) exhibited very little waviness, as compared to the KIc specimen
(see figurcl6). The crack plane remained very close to the desired path of
growth (90° to the applied stress) up to the point of unstable crack growth.

Stress Corrosion (KISCC)

Results of stress-corrosion tests are shown in table 21 for sump tank
water and table 32 for 3-1/2-percent NaCI. Initiall y, it was intended to
calculate the Kiscc Value from each of several specimens after the crack exten-
sion had ceased. However, two occurrences made this approach to Kiscc determi-
nation inappropriate. First , some of the specimens, those loaded to a higher
initial stress intensity, exhibited crack branching as shown in figure 47
Secondly, the stress corrosion crack front was very erratic , making any calcu-
lation of stress intensity after crack arrest questionable. The fracture
faces of two typical specimens are shown in figure 48 - In view of these
experimental difficulties , it was decided to test additional specimens at
various initial stress intensities in an effort to determine that stress inten-
sity below which no cracking occurred (much the same as one would do in con-
structing a fatigue S/N curve). Additionally , the crack length recorded was
the longest crack measurable on the face of the specimen. The length recorded
was the actual crack length which occurred during exposure to the environment
(see figure 49 ).
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Table 21

CRACK GROWI1-I OF STRESS-CORROSION SPECIMENS
TESTED IN SUMP TANK WATE R

Crack Growth Measured*
Specimen ‘CIi

No. Orientation ksLJin. 100 hr 500 hr 1 ,000 hr

K 60 0.00 0.00 0.00
H RW 40 0.17 0.26 0.27
J 40 0.05 0.19 0.21
L 30 0.13 0.16 0.17 

—

A** 120 0.51 0.63 0.63
B** 100 0.31 0.60 0.70
E** 80 0.36 0.53 0.55
F WR 60 0.00 0.00 0.00
B 50 0.18 0.24 0.25
D 40 0.00 0.00 0.00
G 30 0.11 0.16 0.17

NOTES :
*Length of longest crack at surface
**Crack..branthed

Table 22

CRACK GROWTh OF STRESS-CORROSION SPECIMENS
TESTED IN 3- 1/2-PERCENT NaC1

-Crack Growth
Specimen

No. Orientation ksi.Jln . 50 hr 100 hr 500 hr

70 0.140 0.160
1 40 0.065 0.080 )) . 155
W 40 0.150 0.205 0 .275
v 

RW 35 0.080 0.100 0.130
U 30 0 .055 0 .0 7()  0.115

*Crack ..branched
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In rev i ewing the data obtained in the sump tank water , tabl e 2 1
it is apparent that no specific value can be assigned to K i5~~ 

for thes e
specimens . In the RW direct ion , no growt h occu rr ed at K 1~ o f 60 , hut
specimens tested at l owe r values , even down to 30 , showed some growth.
Simila r results were exhibi ted by the speci mens w i t h  a WR or ientat ion . It
would appear , however , that one should expect little or no stress-corros ion
cracking at stress intensit ies  of 60 Ksi J~n. or l ower.

The results of the stress-corrosion tests in 3-1/2-percent NaC I solution
are presented in table 22  . Unlike the results obtained in s imulated sump
t ank water , significant crack growth occurred at stress intensi t ies as low
as 30 ksi .[in. Aga in , crack branching occurred at the higher in i t i a l  stress
intensity. Recognizing the scatter which is inherent in stress-corrosion test
results , the K i5~~ in 3- 1/2-percent NaC 1 was j udged to be approxima tely
30 ksi[in .

Manufacturing Process Effects

The results of the tests on low-stress grinding, with and without shot
peening, are shown in the S/N curve of figure 50 . Half of the specimens
failed in the threads rather than the test sect ion ; these are indicated by a
small “t” on top of the symbol . Three each of the ground only and ground
plus shot peen specimens did fail in the test section , and when these are
compared to the S/N curve for machined spec imens (the dashed curve in
fi gure48 ) ,  it is apparent that (1) no deleterious effect on fatigue occurred
as a result of the grinding, and (2) shot peening did not enh ance the fatigue
life of the groun d sur face .

The effects of thromium, Ti-Cad, and Electrolcss Nicke l plating on the
fat igue l ife is shown in the S/N curve of figure 51. Chromium and Electroless
Nickel plating both lowered the fatigue life significantly, much the same as
occurs on hi gh-strength , low-alloy steels. Shot peening prior to plating , as
is the practice on other high-strength steels , would he a desi rable choice
for AF 1410 that is to be Ghromiuni or Flectroless Nickel-plated. Ti-Cad
plating on the other hand showed no fat igue degradation , and shot peening
would appear unnecessary for Ti-Cad-plated AF 1410 parts.

The results of the sustained-load , notched tensile tests to characterize
the susceptibility of AF 1410 to hydrogen embrittlement are shown in figure 52
The upper portion represents specimens which were not baked , and the lower
port ion the results on the baked specimens. No susceptibility to the
hydrogen enduced during chromium plating is suggested by these data.
Apparently, the hydrogen which entered the steel during plating diffused out
prior to loading of the specimen ; at least enough appears to have diffused out
of the steel such that the amount remaining was insufficient to produce any
significant delayed failures . It would appear from this cursory evaluation of
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hydrogen-ethrittlement susceptibility that AF 1410 is less susceptible to
this phenomenon than low-alloy steels at this yield strength level.

Preliminary Design Allowables

Obviously, the limited amount of mechanical property data generated in
this program were not adequate to deve lop regular M IL -HDBK- 5 value s , which
require a rather substantial data base . However , suff icient  data were
planned and generated to compute derived va lues (ratios) which provided for
the development of “S” type design allow ables . The “reduced ra t io” r rocedure
described in MIL-I-IDBK -5 was used in establishing Fcy , F , fbi-u’ 

and Fbryallowables. The reduced ratios used , together with the preliminary design
allowables, are shown in table 23

Table 23

PRELIMINARY DESIGN ALLOWABLES
(ROOM TEMPERATURE)

Property Allowable , ksi

Ftu 235

~ty’ 0.2 % offset 22 0

Fcy 231

~~~ 139

F~pj (e/ D = 2.0) 438

~bry (e/D = 2 .0) 324

E x lO~ 28. 0

Property 
-_________ 

Reduced Ratio

F~~ 1.0489

Fsu 0.59169

Fb~-,~ (e/IJ = 2.0) 1.86401

~~~ry 
(e/D = 2.0) 1.4716
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Weld Properties

Tensile

Results  of the tensile tests at room temperature ~p but t  t~u ld s , w i t h  bead
on and bead off , are shown in table 24 . Sl ig ht ly  hi gher properties were
achieved t-.-ith the head-on specimens. The effect of single and multi ple
i-epa i rs on tensile properties is also shown in table 24 , and i nd ica t e  no
degradat ion of properties occurs w i t h  a s ing le repai r . However , multiple
repairs tend to lower the yield strength.  Since only an ag i ng t reatment was
performed after the welding , the lowe ring of y i e l d  s t rength  ~-. i t h  mu l t i p l e
repa i rs is probably the result of ove r-ag ing occur r i n g  duri ng the second repair .
Both single and mult ip le  repair  welding had ~i dele terious effec t on elonga t ion .

Butt welds tested at -65° F resulted in the properties shown in
table 25 . The tensile strength was unaffected by repairs or whether
tested with the bead on or the bead of f .  The elongation reported for the
three head-on specimens which failed in the parent metal , specimen No. T-32 ,
T-31, and T-32 is higher than the true elongation since the specimen halves
could not be f i t ted together t igh t ly  to measu re the elongation ; an air-gap
existed which is included in the number cal culated by th is  method . The rec-
tangular specimen cross section yielded more at the four corners than the
center portion , making it impossible to f i t  the two hal ves together t i gh t ly .

The results obtained for the p a r t i a l  penetrat ion f i l l e t  ~-.elds are shown
in table 26 for 0.200 -inch thick leg and table 2 7  for the 0.375-inch
thick leg specimens . The two spec imens in table 2 6 e x h i b i t i n g  the lower
than average values , No. WI- i and WT-2 , had root cracks. No such c racks
appeared in the f i l let  welds tested with  the 0 .375- inch  leg specimen , and
all fi ve of these specimens exhibited  uni fo rm ly  h i g h values.

The tensile result for the full-penetration fillet welds are tabulated in
table 28 for the symmetrical weld and in table 29 for the asymmet rical
weld. Failure of both types of welds occurred in the It~ of the load-carrying
leg , and no significant differences in tensile strength between the two types

— of welds are apparent .

CHARPY

The charpy impact test results are tabulated in table 30 . The average
value for the weld deposit was hi gher than that obtaineci for the heat -affected
zone . Considerable scatter exists within both groups of data.
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Table 24

!~JOM TR4PERATIJRE TENS I LE PF()PERT IES FOR
BUTr-W1iLDED AF 14 1O ALLOY STEEL

F F Percent
Specimen Specimen tu -ty Elong Failure

Ident Condition ksi ksi 2 in. Location

T-5 Weld bead left on 245.4 225.5 10.0 Weld metal
1-26 Weld bead left on 251.5 237.2 10.0 Weld metal
T-27 Weld bead left on 257.2  230.5 20.0 Paren t metal
T-28 Weld bead left on 247.3  228.2 10.0 Weld metal

Avg 25 0.4 230.4 12.5

1-1 Weld bead ground off 230.1 219.3 13.5 Weld metal
T-2 Weld bead ground off 228.8 217.5 9.5 Weld metal
T-3 Weld bead ground off 230.3 222.2 14.5 Weld metal
T-4 Weld bead ground off 239.7 221.8 10 Weld metal

— 
Avg 232.2 220.2 12 Weld metal

T-9 1 Single repair bead off 225.2 239.5 10 Weld metal
T- l0 Single repair bead off 236.7 213.5 8 Weld metal
T-11 Single repair bead off 238.6 212.0 8 Weld metal
1-12 LSingle repair bead off 236.2 209.1 10 Weld metal

Avg 235.9 219.2 9.0 Weld metal

T-17 Multiple repair bead off 24o.o J  207.2 11 Weld metal
T-18 Multiple repair bead off 236 .8 201.3 7 Weld metal
T-l9 Multiple repair bead off 240 .5 204 .9 8 Weld metal

— 

Avg 23~) .3 204.5 9.0
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Table 25

(:Rio(~:N I C ( — 65° F) I l :NSI i F  I Ul~~R F1 1:5 FOR
~[JJ.f - ~j FJ J)J~~ U : 14 10 ,\iJ. ( 1’~ Si !  ii

F 
Pci. ent

Spec iinen Specimen tu Elong Failure
Ideut Condition i-.si 2 in. Location

1 - 29 ~cld bead left on - 2 :?.S 13 i1A~
1-So Weld head left on T h i  .~~~ 20 Pa ren t metal
1- 51 Weld bead left on - 2 51 .5 20 Parent metal
1-32 l%eld bead left on 253.4 22 Parent metal

Avg 
- 

257 .3 19

1-6 Weld head ground off I 253.7 10 Weld metal
1-7 Weld head ~round off ~5b.8 14 Weld metal
T-8 Weld bead ground of U _~~j 2 56 .4  12 Weld metal

Avg _________________________ - 2 55 .6
__- 

12

T- 13 Sing le repa i r  head off  50. 0 12 Weld metal
1- 14 Sing le repair  bead off  252.4 10 Weld metal
1-15 Sing le repair head off 255 . 4 12 Weld metal
1-ft Single repair bead off 255.4 11 Weld metal

A~ g 
- - __________________ 

253.5 i t

T -2 0 M u l t i p l e  repair  head off  255.4 12 Weld metal
T- 2-1 Mul t i ple r epa i r  head off ~255 .3 8 Weld metal
- l -- 2 5  Mu 1 t i p i e  n-pair head of f  2 50.9 Weld metal

253. ) 10

I I
1 . i iea t - :iffectc ’ d :one
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Table 26

RO(~1 TEMPERAThRE TENS ILF TEST RE SEIL 1S FOR CORNLR PENETRATION
FILLET-WELDED AF141O ALLOY STFFL (SY]~?’IETR1CA L JOINT )

Specimen Specimen Max Stress Failure
Ident Condition ksi ’ Location

WT-l 0.200 in. nom 179.2 Fillet2
WT-2 Leg-corner 166.2 3 Fillet2
WT-3 Penetration 234.9 Fillet2
WT-4 Fillet-welded 226.3 Fillet2
WF-5 Cruciforms 226.2 Fillet2

Avg 206.6

N(YFES :

1. Maximun stress on the load carrying leg
2. Shear failure in both fillets
3. Cracking at fillet root

- , -

W T- 3
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Table 27

RO(Y’f TEMPERAThRE TENS I LE 1’EST RI:S[JIJS FOR CORNER PENETRATION
FiLLET - WELDED AF 14 1O ALLOY STEEL.

(SY!~-TstE TRICAL JOINT !

Specimen Specin~n Max St ress Failure
Ident Condition ksil Location

0.375 in. nom 247.5 Heat-affected
1*1-2 Leg-corner 246.2 Zone (across

1*1-3 Penetration 247.0 load carrying

1*1-4 Fillet-welded 244.0 leg)

1*1-5 Crucifornis 246.4

Avg. 246.2 __________________

NOTE:

1. Maxiim.nn stress on the load carry ing leg

—à$
WH .4
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Table 28

ROOM TEMPERA’IIJRE TENSILE TEST RESu LTS FOR FULL PENETRATION
FILLET-WELDED AF141O ALLOY STEEL (S~~ ThTRIcA1. JOINT)

Specimen Specimen Max Stress Failu re
Ident Condition ksi ’ Location

WS-l 0.375 in. nom 247.3 Heat-affected zone
WS-2 Leg - full 251.8 Heat-affected zone
WS-3 Penetration 253.6 Heat-affected zone
WS-4 Fillet-welded 249.6 Heat-affected zone
Avg Crucifo rms 250.6

NOTE :

1. Maximuiu stress on the load carrying leg

Illi

-
-

lil li -
W S-2
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Table 29

ROOM TEMPERAflJRJ.i TENSILE TEST RESULTS FOR FULL PENETRAT I ON
FILLET-WELDED AF 141O ALLOY STEEL (ASY!+IETRICAL JOINT)

Specimen Specimen Max Stress Fai lure
Ident Condition ksi1- Location

0.375 in. nom 274.2 Heat-affected zone
WA-2 Leg - full 248.3 Heat-affected zone
WA-3 Penetration 249.1 Heat-affected zone
WA-4 Fillet-we lded 247.0 Heat-affected zone
WA-S Cruciforms 253.5 Heat-affected zone
Avg 254.4

NOTE:

1. Maximun stress on the load carry ing leg

$
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Table 30

ROOM TEMPERATURE CL IARPY IMPACT PROPER 11 ES FOR
BUY!’— WELDED AF 1410 AI~i .01 S’IEEL

Spec imen Cha rpy Impact St rength
Identification Notch Location (foot -pounds)

Cl-i Welthnent 57.0
Ci-2 Weldinent 50.5
Cl-3 Weldnient 45.5
C1-4 Weldment 46.0
Cl-S Weldnent 41.5
Ci-6 We idnient 50.5
C1-7 Weldment 46.5
Cl-8 Weidment 52.5
C1-9 We ldment 46.5
Ci-lO Weldn~ent 49.5
Cl-il Weidment 50.5
C1-l2 Weldment 59.5

Avg 50.5

C2-1 Heat-affected zone 45.0
C2-2 Heat-affected zone 38.0
C2-3 Heat-affected zone 37.5
C2-4 Heat-affected zone 39.0
C2-5 Heat-affected zone 42.0
C2-6 Heat-affected zone 38.0
C2-7 Heat-affected zone 47.5
C2’- 8 Heat-affected zone 50.5
C2-9 Heat-affected zone 49.5
C2-lO Heat-affected zone 45.0
C2-ll Heat-affected zone 47.5
C2-12 Heat-affected zone 54.5

Avg 44.5
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Because of this wide scatter in individual test results , the difference Shown
in average value between the weidment and heat-affected zone is probably not
a significant amount .

Fracture Toughness, K1

The values for KIC obtained for the weld metal and the heat-affected zone
are shown in table 31 The Ki~ values obtained at room temperature for theweld metal and heat-affected zone were comparable to the values obtained for
parent metal . A single weld repair does not adversely affect the fracture
toughness of the weld. The lower test temperature (-65° F) resulted in a
reduction in toughness, with the effect being greater in the heat-affected
zone than in the weld metal.

Butt Weld Fatigue

Data obtained for head-on specimens at the ratio of minimum to maximum
cylic stress (11) of ÷0.05 are shown in table 32 and graphically as an S-N
curve in figure 53. The results of bead-on tests at R = +0.5 and -1.0 are
shown in tables 33 and 34 and figures 54 and 55 , respectively.
A comparison of these three bead-on S-N curves is presented in figure 56
where the three generated S-N curves are shown together .

Similarly, the results obtained for the bead-off butt weld specimen are
shown in tables 35 through 37 and figures 57 through 59 . To corn-
pare the effect of R value on the S-N curve for bead-off specimen, these
three curves have been replotted in figure 60 .

The data for single and multiple repair welds are tabulated in tables
38 and 39 plotted as S-N curves in figures 61 and 62 . To com-

pare the effect of repair welding on fatigue, these two S-N curves are plotted
together with the S-N curve for welds with no repairs (from figure 57 ) and
shown in figure 63

It was observed that the majority of the bead-off specimen failures on -
ginated subsurface at small , discrete discontinuities (porosity of the order
of a few thousandths of an inch in diameter was observed at the origin point
in some instances). To ascertain whether subsurface fatigue initiation by
such small discontinu ities is a characteristic of these weld deposits or the
result of specimen geometry (rectangular cross section), a group of round-bar
fatigue specimens was fabricated utilizing the same procedures employe d to
weld and fabricate the rectangular specimens. The fatigue test results
obtained with these round-bar specimens are shown in table 4C
and figure 64 . Half of the eight specimens exhibited subsurface failure
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Table 31

FRACTURE TOUGHNESS PROPERlIES (Kit ) FOR BIYVF-WliI.DI:1)
AFI41O ALLOY STEEL

Spec imen KIdenti - Test Crack Special I c
fication Temperature Location Processing ksi JI~

Kl Room temperature Weld - 128 . 5
K2 Room temperature Weld - 155.8
KS Room temperature Weld Single repair 150.0

Avg 144.8

K6 Room temperature Heat-affected - 149.4
zone

K7 Room temperature Heat -affected - 146.3
zone

Avg 147.9

K3 -65° F Weld - 131 . 7
K4 -65° F Weld - 134.4

Avg 133.1

K8 -65° F Heat-affected - 120.1
zone

K9 -65° F h eat-affected - 129.2
zone

Avg 124.2
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Table 32

ROOM TEMP ERAT URE AXIAL FAT I Gu E TEST RESULTS IOR FUSION -WELDED
(BUTT JOINT) A0141 0 ALLOY STEEL
(BEAT) LEFT ON) F = 250 .4 ksi

tu

Specimen Weld Stress R Stress % Cycles to Failure
Ident Orientation Concentration Factor ksi Ft~ Failure Location

F-34 Transverse Kt = 1.0 +0.05 126.0 50.3 11,000 (1)
F-37 To load (Bar desi gn) 100.8 40.3 25 ,000 (1)
F-38 75.6 30.2 59,000 (1)
F-40 50.4 20.3 242,000 (1)
F-43 37.8 15.1 10,042 ,000 No failure
F-44 47.9 19.1 10,000,000 No failure
F-43(2) 45 .4 18.2 10,076 ,000 No failure
F-4312

~ 60.5 24.2 241,000 (1)
F-44 (2~ 55.4 22.1 12 ,849 ,000 No failure
F-44(2) 68.0 27.2

) 
398,000 (1)

NOTES: (1) Edge of Weld bead/HAZ
(2) Rerun specimen 
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‘fable 33

ROOM TEMPERATURE AX IAL FATIGUE TEST RESULTS FOR FUSION-WE L DED
(B!Irr JOINT) AF14IO ALLOY STEEL
(BEAD LEFT ON) Ft = 250.4 ksi

Specimen Weld Stress R Stress % Cycles To Failure
Ident Orientation Concentration Factor ksi Ftu Failure Location

F-3l Transverse Kt = 1.0 +0.S 113.4 45 152 ,000 Weld
F-32 To load (Bar design) 100.8 40 60,000 (1)
F-33 I 75.6 30 427 ,000 (1)
F-36 1 50.4 20 3,463 ,000 (1)
F-46 1 45.4 18 8,452 ,000 .2)

NOTES: ( 1) Edge of weld bead/IIAZ
(2) Parent metal
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Table 34

ROOM TEMPERATURE AX IAL FATIGUE TEST RESULTS FOR FIJSION-WELDEI )
(BISVT’ JOINT) AF14l0 ALLOY STEEL
(BEAD LEFT ON) F

tu = 250.4 ksi

Specimen Weld Stress R Stress % Cycles To Failure
Ident Orientation Concentration Factor ksi Ft~ Failure i~ocatiofl

F-39 Transverse Kt = 1.0 -1.0 88.2 35.2 25 ,000 (1)
F-4]. To load (Bar design) 63.0 25.2 40,000 (1)
F-42 45.4 18.1 306,000 (1)
F-45 37.8 15.1 6,410,000 (2)
F-47 50.4 20.1 336,000 (1)

NGTES : (1) Edge of weld bead/HA Z
(2) Gri p fai lure
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Table 35

JUOM TEMPERATURE AXIAL FATIGUE TEST RESULTS R)R F[JSION-WJiLDIiI)
(BUTT JOINT) AFI4 IO ALLOY STEEL

(BEA D OFF) F = 232.2 ksitu

Specimen Weld Stress R Stress % Cycles To Failure
Ident Orientation Concentration Factor ksi Ft~ Failure Location

F-8 Transverse Kt = 1.0 +0.05 138.0 59 78,000 Weld~~
F-9 To load (Bar design ) 115.0 49 151,000 Weld ’

2
’

F-b 161.0 69 100,000 Weld 2F-il 92.0 40 425 ,000 W eld~1~F-12 80.5 35 64 ,000 Weld 2F 13 69.0 30 493~000r3\ W eJ d~
F-iS 64.4 28 l0,4i4,000~..J (1F-16 184.0 79 13,870 Weld

NOTES:
(1) Fatigue initiation at corner
(2) Internal fatigue initia tion
(3) —~ No failure

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~
1 

~~~~ ..‘ 1 ~~~~~~~~ . I
l

l

)I . , . 

.

~i .4 H~ 
. 

~~~~~~~

PB F 13 P1 2

141.

~~~~~ ~ 

- - - I ~~ -; ‘,—
- - r - 

- - - 
-

- -~~~~~~~--—-— - ~~~~~~— -- -- .-- -~~~~~~—---- - --——- --‘- --.--- - - - -  -- —-- ——-------—---- - --- - -- -- 
— --- ---- - - -—

~~
----- --- - -------—.

~ --- —--- -----



~~~— -- _ -.—-—- - ---- -- - - - - - - -  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~

-— — -—‘II,

Table 36

ROOM TEMPERATURE AX IAL FATIGUE TEST RESULTS FOR FUSION -WE LDED
(BITEr JOINT) AFl4lO ALLOY STEEL

(BEAI) OFF) F = 232.2 ksitu

Specimen Weld Stress R Stress % Cycles To Failure
Ident Orientation Concentration Factor ksi Ft~ Failure Location

F-i Transverse = 1.0 +0.5 126.5 55 369,000 Weld~~
F-2 To load (Bar desi gn) 149.5 64 49,000 we1d~1~
F-3 138.0 59 29 ,f)00 We1d~1~
F-S 161.0 O9 68 ,000 Weld ”
F-6 82.8 36 10 ,033 ,000+ No failure
F-7 92.0 40 4 ,088 ,000 We ld (1)

NOTE:
(1) Internal fatic~ue initiation
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Table 37

ROOM fEMPERATU RE AXIAL FATIGUE TEST RESULTS FOR FIJS TON -WELDED
(Bu n JOINT) AFl4lO ALLOY STEEL

(BEAD OFF) F
t 

= 232.2 ksi

—r
Specimen Weld Stress R Stress % Cycles To Failure
Ident Orientation Concentration Factor ksi Ft~ Failure Location

F-17 Transverse K.t = 1.0 -1.0 80.5 34.7 658,000 Weld (1)
F—i 8 To load (Bar design) 103.5 44.6 242 ,000 Weid (])
F-l9 69.5 29.9 380,000 Weld
F2 0  126.5 S5 .5 16 ,380 Weld
F 2 1 57 .5 24.8 10 , 033 , 0O0~~ ~o failure
F-22 92.0 39.6 148 000 We1d (~

)
F-21(2) 64.4 27 .71 5 ,735 ,000 Weld 0~

)

NOTES :
II ) Internal fatigue initiation
12 Rerun 

-

( 3 )  Surface i n i t i a t ion
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Table 38

ROOM TEMPERATURE AXIAL FATIGUE TEST RESULTS FOR FUSION- WELDED
(BITEr JOINT) AFi4lO ALLOY STEEL

(BEAD OFF) F
t 

= 235.9 ksi

~ ecimen Specimen Stress R Stress % Cycles To Failure
Ident Condition Concentration Factor ksi Fth Failure Location

F-23 Single repair K~ 1.0 +0.05 115.0 48.7 280,000 Weld
F-26 (Weld trans- (Bar design) 138.0 58.5 103,700 Weld
F-27 verse to load 103.5 43.9 1,425,000 (1)
F-28 direction) 

- 
I
_ _—  ______ 

96.6 40.9 95,000 Weld

(1) Grip failure

LJr~ J~~~~ J
g. 4~ -

IS - - 
~~~~~~~4 ’  .1... . - ~ ~. 

. 
.4, -

- .

~~~~~~~~~~~~~~~~~~ —

~~~ o~~~- -

- -

-
. 

-~ w~.* c- -~.. ‘
S .

: 

~~~~~~~~~~~~~~~~~~

•

~~~~~~

“

P23

148

~ 

~~
_
~
j

_
-1_



_ _ _ _ _ _ _ _ _  
-- -- -

Table 39

ROOM TEMPERA11JRE AXIAL FATIGUE TEST RESULTS FOR FUSION-WELDED
(BUTf JOINT) AF141O ALLOY STEEL

(BEAD OFF) F
t 

= 239.3 ksi

Specimen Specimen Stress R Stress % Cycles To Failure
Ident Condition Concentration Factor ksi Ft~ Failure Location

F -4 Multiple Kt = 1.0 +0.05 115.0 48 43,000 Weld
F-14 Repair(weld (Bar desi gn) 92.0 38 78,000 We ld

(J)F-29 t ransverse ~~~~~~ 24 548,000 Weld
F-3D to load 46.0 19 10,000 ,000~~ (2)

direction)

NOTES:
(1) Internal fatigue initiation
(2) No failure
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Table 40

ROOM TF.MPERATIJRE AXIAl. FATIGUE TEST RESULTS FOR FUSION- WELDED
(BU~ JOINT) AFl4lO ALLOY STEEL
(BEAD OFF - ROUND FATIGUE BARS)

Specimen Weld Stress R Stress Cycles To Failure
Idont Orientation Concentration Factor ks i Failure Location

F5l~l Transverse Kt = 1.0 ~0.05 96.0 l0,6ll ,0O0~~ No fai lure
F51-2 To load (Bar design) 168.0 43,000 Weld
F51-3 180.0 54,000 Weld
FSl-4 160.8 19,000 (2)
F5l-5 153.6 50,000 (2)
P51-6 132.0 174,000 (2)
P51-7 110.4 347,000 (2)
F5l.81~ 100.8 83,000 Weld
F5l-l?i~ 120.0 7O0,000~ - No failure
P511 192.0 11,000 Weld

(1) Rerun
(2) Weld - internal init iat ion

* 1— 
~~~~~~~~~~~~~~~~~~~~~~~

P51- 3  P5 1 - 6
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origins , and it was concluded the behavior was independent of specimen
geometry. Subsurface fatigue origins immediately below the specimen surface
are not unusual in high-strength steels. The origins observed here were well
below the surface , some approximating the midpoint of thickness , and were not
of the near-surface type frequently observed.

Fillet Weld Fatigue

Fatigue test results for the partial-penetrat ion fillet weld specimens
with the 0.200-inch-thick leg are shown in table 4 1  and plotted as an S-N
curve in figure 65. Failure in most cases originated at the root area at
the notch created by the intentiona l lack of penetration. One specimen,
identified WT-13, deviated from the general failure path and failed by a
combination of weld and HAZ fracture (see photo in table 47 . This change
in failure mode did not affect the fat igue life , i.e., the point for specimen
Wf-l3 is on the S-n curve generated by the specimens exhibiting failure through
the coot area.

Results of the tests on partial-penetration specimens with a 0.375-inch-
thick leg are shown in table 42 and figure 66 . Failures occurred in half
the specimens in the 1-IAZ, though failure location showed no apparent eff ect on
fatigue life. The fatigue life of the 0.375-inch-thick specimens is slightly
superior to the 0.200-inch-thick specimens. Full-penetration fillet weld
fatigue results are presented in table 4 3  and figure 6~ . These sjeci-
mens all failed in the l-IAZ as would be anticipated for a full-penetration weld.
The S-N curve for these specimens are similar to the curve for 0.375 partial
penetration specimens at the higher stress end of the curve, and shows improved
fatigue life at lifetimes in excess of 106 cycles .

The data in figure 67 were derived on specimens with a symmetrical weld,
i.e., welded an equal amount from both sides of the leg producing two equal-
sized fillet welds. The effect of an asymmetrical weld , one in which all the
welding is performed from one side of the leg, is shown in the results in
table 44 and figure 68  . No marked difference in fatigue life of the
two weld geometries is apparent in these data.

Stress Corrosion

Results of the stress corrosion testing of the weld and the I-IAZ are
tabulated in table 45 . As observed with the parent metal tests, crack
branching occurred at the higher initial stress intensities. Only one of the
specimens in this series branched, specimen SlO , which was the highest stress
intensity employed in this group of specimens .
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Table 41

ROOM TEMPERA11JRE AXIAL FATIQJE TEST RESULTS FOR CORNI:!?. PLNE1RA110N
FILLET -WELDED AFl4l O AL LOY STEEL F

~ 
=

(SY~t’1ETR I CA L .J OIWI ) u

Specimen Specimen R Max. 
~1tess F 

Cycles to Failure
Iden-t Condition Factor ksi~- J tu Failure Location

WF-7 0.200 in. nom +0.05 80.9 39.2 7 ,000 Fillet3
WT-8 leg-Corner +0.05 61.7 29.9 23,000 Fil1et~
WF-9 Penetration +0.05 40.9 19,8 35,000 Fillet3W,F-10 Fillet-welded ÷0.05 20.2 9.8 182,000 Fillet3W’F-ll Crucifouns +().05 10.0 5.8 2,190,0002 Fillet
Wr-l2 +0.05 6.1 3.0 12,052 ,000—..- 

4WT-13 +0.05 14.0 6.8 656,000 Fillet/leg

lXJrES:
(1) Maximum stress on the axial load carry leg
(2) No failure
(3) Shear (fatigue) failure in both fillets
(4) Combination of fillet weld failure (shear) propagating thru the

load carrying leg

-J

$ $
W T - 7  W T - 1 3
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Table ~

ROOM TEMPERATURE AXIAL FATIGUE TEST RESULTS FOR PARTJAL PENETRATION
FIl LET-WELDED AF141O ALLOY STEEL (SYM~1ETRI CAL JOINT)

F = 246.2
tu

Specimen Specimen R Max tess % Cycles To Failure
Ident. Condition Factor ksj1

~ -~ Ft~ Failure Location

WH-6 0.375 in. nom +0.05 53.2 21.6 43,000 HAZ~~
WH-7 Leg-partial +0.05 39.2 15.9 73,000 1-IAZ (3)
1*1-8 Penetration +0.05 27.7 11.3 898,000 illet shear (3
1*1-9 Fillet-welded +0.05 19.9 8.1 3,398,000 Fil1e~ shear~~
1*1-10 Cruciforms ÷0.05 16.1 6.5 5,328,000 Fillet shear~3
1*1-11 12.8 5.2 9,550,000 Fillet shear~
WH-12 33.1 13.4 334,000 HAZ
1*1-13 64.4 26.2 18,000 HAZ

N(YFES:

(1) Maximum stress on the axial load carry ing leg
(2) Heat affected zone
(3) Fillet shear failure

-

- 

~
-
~;:~~

; -

~~~~~~~~~~~~

WH -6  WH-8
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Tahlr’ 43

HOCt4 TEMPERA11JRE AX IAL FAT IQJE TEST REsuL-rs FOR FUL L PEN ETRATION
FILLET -WELDED ~.Fl 4 10 ALLOY STEEL (SYMI1ETRICAL JOINT)

= 250.6tu

Specimen Specimen R Max. ~~j .eSs F Cycles to Failure
Ident Condition Factor ksi tu Failure Location

WS-6 0.375 in. nom ÷0.05 51.5 20.6 34 ,000 1-1AZ
WS-7 leg-pull +0.05 46.1 18.4 37,000 HAZ
WS-8 Penetrat ion +0.05 33.2 13.2 2,185,000 I-IAZ
WS-9 Fillet-welded +0.05 29.5 11.8 325,000 HAZ
1~ -10 Cruciforms ÷0.05 40.0 16.0 218,000 1-IAZ

+0.05 68.1 27.2 27,000 1-IAZ
+0.05 94.7 37.8 9,000 HAZ
+0.05 40.7 16.2 212,000

2 
HAZ

-_
l~ -3 +0.05 22.1 8.8 10,034,000-..-

(1) Ma.xinn.mi stress on the axial load carrying leg
(2) —~~~ No failure
(3) Heat-affected zone - $

ws -6
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Table 44

1(X)M 1’EMPERAlURE AXIAl. FATIWE TEST RESULTS FOR FULL PENETRATION
FILLET -WELDED AFl4l O ALLOY STEEL (ASYMt~ TRICAL .JOINT )

F = 254 .4tu

Specimen Specimen R Max . Stress % Cycles To Failure
Ident Condition Factor ksi (l) Ft~ Failure Location

WA-6 0.375 in. nom +0.05 18.0 7.1 23 ,249 ,000 No Failure
WA-7 Leg - full +0.05 12.6 4.9 11,635,000 No Failure
W A 8  Penetration +0.05 20.4 8.0 426,000 IRZ (2)
WA-9 Fillet-welded +0.05 29.5 11.6 232,000 HAZ
WA-b Crucifo rms ÷0.05 75.2 29.6 17,000 HAZ
WA-il +0.05 50.2 19.7 67 ,000 (3)
WA-l2 +0.05 37.7 14.8 181,000 HAZ
WA-l3 +0.05 45.3 17.8 121,000 HAZ

~ Tl”ES:

(1) Max imum stress on the axial load carrying leg
(2) Heat-affected zone
(3) i illet shear failure

______  
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Table 45

STRESS CORROSION IN 3-l/2 -PERCE WF NaC I

K Crack Growth (hours)
Specimen Location IC

No. of Crack (KSI JI~T) 50 100 500

Si 60 0.100 0.110 0.135
S5 50 .000 .000 .010
S4 Weld 40 .000 .000 .010
S2 40 .005 .010 .015
S3 30 .005 .005 .005

S10~ 80 0.130 0.170 0.200
S9 70 .200 .260 .440
S6 HAZ 60 .010 .010 .010
S7 40 .030 .060 .140
S8 30 .010 .010 .010

*Crack branched
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The weld spec imens di splayed a greater resistance to st ress corrosion
cracking than the HAZ . Based on these data , one would not expect significant
stress corrosion cracking to occur in weld metal at stress intensities Jess
than 60 ksi ~jI~ In the HAZ , scatter in the results makes a quantitative
assessment difficult. Growth occurred at KIc of 40, but essentially none
occurred at 60 (compare specimen S6 and S7). However, in compar ing these
HAZ results with those obtained for the parent metal , it is apparent that
no degrading of parent metal stress corrosion resistance occurred in the
heat-affected zone of the weld.
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Fatigue Crack Growth Rate (da/dN)

The da/dN curves derived for the welded specimens in the fusion zone are
sh~~n in figures 69 and 70 for tests in air. The crack growth rate in the
weld deposit is slower than that observed for the parent metal da/dN tests.

~~e weld-zone specimen was tested in 3-1/2 percent NaC1; the da/dN curve is
shown in figure fl . Comparing this curve with those obtained in air , there
does not appear to be an effect of the 3-1/2 percent NaCl environment on the
crack growth rate of the weld deposit.

Experimental difficulties were encounted with the attempt to derive
fatigue crack growth rate data for the heat-affected zone (I-IAZ) of the welds.
Three specimens were tested. The first resulted in the crack wandering out
of plane as shown in figure 72. In an attempt to drive the crack straight,
the second specimen was grooved on both faces along the desired crack-growth
path in an attempt to force the crack to grow in-plane . However , when the
specimen was tested the crack climbed out of the groove, and the data from
this specimen were not usable.

In a further effort to correct this experimental problem, the height!
width ratio was changed from 0.486 (the standard ratio used for all the con-
figurations shown in the specimen drawing) to 0.600 by cutting 1.180 inches
off the end of the specimen. This revised specimen was the configuration
used to successfully obtain da/dN data for the fusion zone. The last remain-
ing l-IAZ specimen was modified to the 0.600 U/W ratio and tested. The crack
again grew off-plane as shown in fi gure 73 ; no improvement was achieved in
controlling the crack growth direction of the HAZ by increasing the 1-11W
ratio.

The tabular data for the da ,IdN tests on the weld specimens are contained
in appendix D.
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1 _ _ _ _ _  -___ — — —  - - -.  ______ — —

.1 — — —  - - - .—_ _ _ _  ___ —

1 10 100

dK KSI~ JTiiT

F gure 71 Weld da/dN , 3 1/2-Percent NaC1

169

- - - . ‘ - - ;~~~
5
~

_ 
5- - 

-. — - . - . - 
-
.
.-. . 

-5 -. 5-5- - -  - - -  
-



:1

5.. 
- 

~~~~~~~~~- -. .~~~~~~ - .  — 
.-~~~~~~~~ 

- _
~~ 5 •.. 

.
.- , .. ‘q :

- 
. I- . .

Figure 72 Crack Path Typical of I-IAZ Fatigue Crack Growth Specimens
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MATERIAL PROPERTIES SU*IARY

Static and dynamic mechanical properties, fatigue crack growth rates,
and stress corrosion resistance was determined for AF141O parent metal and
weldments. All properties measured exhibited isotropic behavior and met
the mechanical property goals established for the alloy.

Exceptionally high bearing strength, nearly twice the tensile ultimate,
was observed. Kic of the parent metal averaged 138 KSI ~JIn. at 70 degrees,and showed a 20 percent drop at -65° F . Fatigue crack growth rates were
independent of rolling direction, and showed little effect of a 3-1/2 percent
NaCl envi ronment . The stress corrosion resistance of the parent metal was
shown to be approximately 60 KSI ..,,/ in simulated sump tank water and 30
KSI ~~~~ in 3-1/2 percent NaCI. AFl4lO does not desplay a marked sensitivity
to hydrogen embrittlement.

Welding was accomplished in a production weld shop without difficulty
and with good welder acceptance. Butt welds possessed uniform tensile
properties , and intentional repairs did not show a marked effect on the
properties. Some root cracking occurred in the corner penetration fillet
welds, which is not uncon~non on this type of weld. No diff iculties were
encountered in the full penetration welds, and tensile properties of these
specimens were very consistent. The fracture toughness of the weld and HAZ
was slightly higher than the parent metal, even with a single repair weld.
The toughness loss at -65° F is not as high as that measured on the parent
metal.

Fatigue of the butt welds resulted in a predominant subsurface failure
origin at a small, discrete discontinuity when the reinforcement was removed
prior to testing. The fatigue strength of the butt welds is significantly
lower than that of the parent metal. The fatigue strength of both the
partial- and full-penetration fillet welds was low, with the partial-penetra-
tion fillet weld only slightly inferior to the full-penetration fillet weld.

The stress corrosion resistance of the weld deposit in 3-1/2 percent
NaC1 was approximately 60 KSI y4~~ , twice that observed for the parent metal.
The HAZ stress corrosion resistance was not degraded below that of the
parent metal.

The fatigue crack growth rate of the weld deposit is slower than that
of the parent metal, and no effect of a 3-1/2 percent NaC1 environment was
detected. The growth rate in the i-LAZ could not be measured , as no means
was found to force the crack to grow on a plane.
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FRACTURE MECHANICS ANALYSIS VERIFICI1TJON TESTS

A series of 32 fracture mechanics analysis verification tests were
conducted as part of the phase II materials test program. The purpose of this
type of testing was to generate crack-growth data from flaw configurations
typical of those which develop in aircraft structure , with the intent of using
this data to support and verify the development of analytical prediction
methodology in AF141O steel. The specimen configurations shown in figure -

~ i~were tested to either a constant amplitude cyclic load or to a generalized
spectru~ of loads simulating the loading of an element in a lower wing skin.
A listing of the parameters pertinent to each of the tests is shown in table
46 . The two variations of the test spectrum are shown in

tables 4 7  and 48 , one spectrum having three steps with compression
— 

loads , and the other entirely without compression.

ANALYTICAL METhODOLOGY

The initial analytical predictions of the test coupon crack-growth curves
were made using da/dN vs ~K crack-growth rate properties generated from
compact-tension type specimens of AF141O steel from the material properties
program. Conventional fracture mechanics stress intensity formulae together
with appropriate surface, width, and stress gradient factors were used in
predicting the growth curves of the test cracks. A comparison of these initial
predictions and the actual test growth curves were made, and the level of em-
pirical correction factors required to provide reasonable agreement between
test and analysis was determined .

The Rockwell B-i-developed computer program “EF FGRO , Crack Propagation
Analysis by the Vroman ?vbdel” was used for the growth rate predictions.
EFFGRO utilizes a specialized integration rc1utlne where an initial crack size,

~~ is chosen, and the crack-growth rate, da/dN, is integrated to yield the
relationship between a and N for the given stress spectrum. When applicable,
the influence of stresses in the compression region on crack-growth rate is
taken into consideration.

The fatigue crack-growth rate equation used i1i EFFGRO is the following
Paris-type equation with the addition of Walker’s stress ratio correction
index, m, and the exponent , q, which accounts for the influence of compression
stresses on crack growth.
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Table 46

SPECIMEN LIST - FRACTURE ~fl~CIIANICS ANALYSIS VI~R I ~-lCAT I ON T1~~N

EST NO. PART NO. CONFIGURATION TYPE WAD EI~ I RON . MAX STRESS

11 3109-100004-11 Part-Thru Crack Const. Amplit Lab Air 75 KS!
12 Part-Thru Crack Const. Ainplit Lab Air 150 KS!
13 Part-Thr i Crack Const. Aniplit Sump Water ~5 KS!14 Part-Thru Crack Const. Amplit Sump Water 150 KS!
15 Part-Thru Crack Spectrum Lab Air 120 KS!
16 Part -Thru Crack Spectrum Lab Air 150 KS!
17 Part-Thru Crack Spectrum Sunp Water 120 KS!
18 3109-100004-u Part-Thru Crack Const. Ainplit Lab Air l50/-7SKSI

21 3109-100004-23 Cracked Hole Const. Miplit Lab Air 100 KS!
22 3109-100004-21 Cracked Hole Const. Aznplit Lab Air 100 KS!
23 3109-100004-21 Cracked Hole Const. Amplit Lab Air +100 KS!
24 3109-100004-21 Cracked Hole Const. Amplit Sump Water 100 KSI
25 3109-100004-23 Cracked Hole Spectrum Lab Air 100 KS!
26 3109-100004-21 Cracked Hole Spectrum Lab Air 100 KS!
27 3109-100004-21 Cracked Hole Spectrum Lab &ir 125 KS!
28 3109-100004-21 Cracked Hole Spectrum Siinp Water 100 KS!
29 3109-100004-21 Cracked Hole Const. Aniplit Lab Air l00/-SOKSI
30 3109-100004-21 Cracked Hole Spectrum Lab Air 125 KS!

31 3109-100004-31 Through Crack const. Amplit Lab Air 100 KS!
32 Through Crack Const. Miplit Lab Air +100 KSI
33 Through Crack Const. Amplit Sump Water 100 KS!
34 Through Crack Spectrum Lab Air 100 KSI
35 Through Crack Spectrum Lab Air 75 KS!
36 Through Crack Spectrum Sump Water 100 KSI
37 Through Crack Const. Amplit Lab Air 100/-SOKSI
38 3109-100004-31 Through Crack Spectrum Lab Air 75 KSI

41 3109-100005-1 Cracked Hole Const. Amplit Lab Air 100 KS!
42 Cracked Hole Const. Amplit Lab Air 120 KSI
43 Cracked Hole Spectrum Lab Air 100 KSI
44 Cracked Hole Spectrum Lab Air 80 KS!
45 3109-100005-1 Cracked Hole Const. Amplit Lab Air 80 KS!

NOTE: Spectrum tests 30, 38, 43, ~ 44 did not have compression stresses; all
other spectrum tests had compression stresses equal to 15% of the maximum
tension stress.
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Table 47

F 

SPECTRUM FOR FRACTURE MECh ANICS ANALYSIS \ERIF!CATION TESTS WI’fll COMJ~RLSS1QN

This S ~ctrum Used for Test No. 15- 17 , 25-28 ~nd 34- 36
RANGE IN % MAX LOAD

STEP SEQ4EN~ MAX LOAD MIN LOAD CYCLES/MISSION
1 GROUND -3% -15% 1
2 100 58 1 Every 100 Missio~3 90 58 l Every lO
4 POST 68 58 1
5 TAKE-OFF 58 45 1
6 69 65 1
7 70 40 1
8 

______________ 56 49 3
9 51 24 1
10 63 51 2
11 CLIMB 51 43 1
12 CRUISE 69 36 1
13 G REFUEL 36 13 1
14 48 36 6
15 

______________ 36 30 1
16 76 31 1
17 FLY-UP 53 32 1
18 71 55 l Every lo
19 62 33 1
20 51 40 7
21 55 13 1
22 TERRAIN 38 23 48
23 FOLLOWING 34 0 1
24 24 13 35
25 72 8 1
26 56 11 9
27 

_ _ _ _ _ _ _ _ _  38 _ 19 10
28 99 53 1 Every 100
29 PRE-LANDING 88 -12 1 Every 10
30 ______________ 75 53 1
31 GRfIJND -3 -15 1
32 TAKE-OFF 85 56 1
33 CLIMB 88 51 1
34 53 33 1 —

35 62 53 19
36 PRE-LANDING 53 46 2
37 81 48 1
38 69 58 1
39 70 32 1
40 45 40 9
41 59 43 5
42 

______________ 
55% 46% 29

Total 208.32
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F W~~~~~~~~— Table 48

SPEC~I’RUM FOR FRAC~FURE MECHANICS ANALYSIS UE RI FICA T

This Spectrum Used for ‘lest No._30,38,4

RANGE IN % ‘tAX L~ADSTEP SEC1ENT MAX LOAD MIN LOM
1 GROUND 0 0
2 100 58
3 90 58
4 POST 68 58
5 TAKE-OFF 58 45
6 69 65
7 70 40

______ _____________ 56 49
9 51 24

10 63 51
~~ 11 CLIMB 51 43

12 CRUISE 69 36
13 ~~REFUEL 36 13
14 48 36
1.5 

_____________ 36 30
16 76 31

• 
______ FLY-UP 53 32

18 71 55
19 62 33
20 51 40
21 55 13
22 TERRAIN 38 23
23 FOLLOWING 34 0
24 24
25 72 8
26 56 11
27 

_ _ _ _ _ _  
38 19

28 99 53
29 PRE-L NDIM3 88 0

31 GROUND 0 L  ~~32 TAKE-OFF 8S S6
• 33 CLIMB 88 51

34 53 33
35 62 53
36 PRE - LI&NDING 53 46
37 81 48
38 69 58
39 ‘0 32
40 45 40
41 59 43

_______ ______________ 
S5~ 46%
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When R, the stress ratio , �0 C 
~ 

~K 1 n
(N L(l-R) J

da r in
and when R<0, — =  C KdN L ‘flax

where C (the intercept), m , and n (the slope) are experimentally deteninned
constants from tests at positive stress ratios , and q is determined from
negative R tests, ~K is the stress intensity factor range, and K is the
maximum stress intensity value for a given cycle. max

The factor, q, in the crack-growth equation controls the influence of
the compression region of the load cycle. As can be seen from the slopes of
the curves in figure 74, a corner-cracked hole is more susceptable to crack-
life degradation for deeper excursions into compression than the part-through
or through-cracks. This is caused by the concentration of stresses in the
field adjacent to the hole. Accordingly, a progressively hi gher value of q is
required to predict the shorter crack lives for the compression-loaded con-
stant amplitude tests of the hole specimens.

The relatively low factors of q assigned to the spectrum tests reflect
the low level and infrequent occurrences of compression stresses in the test
spectrum. For a spectrum with frequent and significant stress reversals the
higher values of q, as determined from the constant an~plitude tests , would be
appropriate. Such higher values were used in the final analysis of the Wing
Sweep Actuator Inboard Attach Fitting since that spectrum has frequent and
significant load reversals.

The following listed sets of equation coefficients, including the adjusted
C values, together with the listed schedule of q values for the compression
tests, were used for the analytical predictions plotted on each of the test
curves shown in appendix E , figures F-i through E-29.

Laboratory Air Tests Sump Tank Water Tests

C = 7.5 x 10
18 C = 8.5 x io~~8

m = 0.395 m = 0.395
n = 2.65 n = 2.65

Constant_Amplitude
Schedule of q R = 0 R = -0.5 R = -l Spectrum

Part-Through Crack 0 0.20 0.30 0.10
Corner Cracked Uole 0 0.40 0.60 0.20
Through-Crack 0 0.15 0.20 0.10
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CORRELATION WITh PREDICTIONS

Very good agreement is shown for the part-through and corner-cracked hole
groups. Agreement is not as good for the through-crack series but is accep-
table for state-of-the-art crack prediction methodology. The predictions are
conservative to the extent that test lives exceeded those predicted. Obvious-
ly, it would have been possible to tailor the coefficients to predict each
individual test exactly, but to do this would require a different set of
crack-growth equation coefficients for each test. However, the intent of
this study was to determine a universal set of values that would provide a
reasonable prediction for all tests. It is felt that this has been accom-
plished .

Predictions are not shown for the bolted joint tests since the lives of
these tests are greatly impacted by the clamping action of the torqued bolt.
The actual test lives of spectrum tests 43 and 44 are approximately six times
the life that would be predicted if these loads were applied to open-hole
specimens, and the life of constant amplitude test number 45 is approximately
two times that of an open-hole test. The greater difference in test and
predicted lives exists for the spectrum tests since the lower level spectrum
loads are effectively prevented from reaching the crack front by the clamping
action of the bolt torque and only the higher loads cause crack extension,
whereas, in the analysis, all loads are assumed fully effective on the crack.
The magnitude of the constant amplitude loads is such that they are effective
to a larger degree in test.
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Section VII

MACH INAI3I LITY/HEATFREAT TEST

INTRODUCTION

A total of 54 specimens were given various combinations of pre - and
postmachining heat treatments and then tested to determine tensile and Charpy
impact values. The test results were used to evaluate the effect of the pre-
ma~-hining heat treatments (selected in phase I) on the response of various
subsequent postmachining heat treatments. On the basis of this evaluation, a
final combination of pre- and postmachirting heat treatments has been tentatively
selected.

Refinement of the postmachining aging temperature is now under development,
after which the effect of the selected heat treatments on weidments will be
evaluated.

P1~XEDURES

A total of 55 AF141O steel blocks were machined to a size of 1 by 2
by 6 inches from as-received stock that had been final rolled and air-cooled
from 1,570° F. Twenty-seven of these blocks were then subjected to the type F
and 27 to the type H preniachining heat treatments selected in phase I (No. 1
and 2 of table 49). Of the 27 blocks in each group, 10 were postmachine heat-
treate~ with air cooling, 10 with oil quenching, and seven with water quench-
ing frclm austentizing temperatures of 1,450°, 1,500°, 1,5500 , 1,6000 , and
1,650° F. Selected blocks were cooled to -100° F to promote additional
transformation of austenite to martensite. All of the blocks were aged at
950° F for S hours. The postmachining heat treatments used are summarized in
table 49 and figure 75. The 55th block was given the standard AF141O heat
treatment (No. 4 of table 49) without being subjected to the premachining
heat treatment for comparison purposes.

Each heattreated block was machined and sectioned to obtain three round
tensile specimens and three standard Charpy impact specimens (figure / 6 ) .
The specimens were machined and tested in accordance with ASTM E- 8 and ASTM
E-23 for tensile and Charpy impact p roperties , respectively.

RESULTS

The tensile and Charpy impact results are presented in tables 50
51 , and 52 and in figures 77 through 89 as average values of three

tests along with the standard deviations. These results correlate with the
various heattreat combinations as described in the following paragraphs.
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Table 49

AF 1410 HEAT TREAThIENT PROCEDURES
USED IN PHASE 11

Type of
No. Heat Treatment Procedure

F premachining 1. Austenitize at 1,250° F for 8 hours
(per phase I) 2. Air- cool

2 H premachining 1. Austenitize at 1 ,300° F for 4 hours
(per phase 1) 2. Air-cool

3. Age at 850° F for 24 hours

3 Postmachining 1. Austenitize at 1,650° F for 1 hour
2. Air-cool
3. Austenitize for 1 hour at either

1,450°, 1,S00~, 1,550°, 1,6000 or
1,650° F

4. Either:
a. Air cool
b. Oil quench
c. Water quench

5. Either :
a. No refrigerated cooling
b. Cool to - 100° F

6. Age 950° F for S hours
7. Air-cool

4 Standard 1. Austenitize at 1,650° F for 1 hour
2. Water quench
3. Austenitize at 1,500° F for 1 hour
4. Water quench
5. Age at 950° F for S hours
6. Air cool
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TENSILE ULTIMATE AND Y iELDS

The peak tensile yield strength values (fi gures 77 through 8-2) occur in
the 1,5500 F austenitizin2 range and exhibit an increasing trend with increas-
ing cooling rate; i.e., ongoing from air cooling to oil-quenching to water
quenching, the tensile yield strength increases from 223 to 229 to 231 ksi ,
respectively. These peak values were obtained by cooling to -100° F which
increased the tensile yield-strength of specimens austenitized at 1 ,500° to
1,6500 F from 3 to 8 ksi.

The tensile ultimate strength is not strongly affected by the cooling
rate. Peak values of about 252 ksi are observed with either air-cooled or
oil-quenched specimens austenitized in the range of 1 ,5000 to 1 ,550° F with
and without cooling to -100° F. The values for tile water-quenched specimens
peak in 1,5000 to 1,550° F range at a value just below 250 ksi.

Specimens given the type F premachining heat treatment had peak values
from 1 to 6 ksi higher than those having the type H premachining heat treat-
ment. Thus, from the standpoint of maximizing tensile yield strength and
tensile ultimate strength values, the final heattreat combination indicated
by these results is the type F premachining heat treatment combined with a
postmachining heat treatment consisting of austenitizing at 1, 5000 to 1,5500 F.

TENSILE ELONGATION ANI) REDUCTION IN AREA

The values for elongation arid reduction in area are presented in tables 50 ,
51 , and 52 • The overall average values in the 1, 5000 to 1,650° F austenitiz-
ing temperature range are 16.1 and 68.5 percent for the elongations and reduc-
tion in areas, with corresponding standard deviations of only 0.7 and 1.9,
respectively. These results show that the heat treatment combinations tested
had little influence on elongation and reduction in area. Since the values
achieved are above specification minimums (14 and 60 percent), it is not neces-
sary to consider elongation and reduction in area further in the selection of
a final heat treatment (with the austenitizing temperature in the 1,500° to
1,650 F range).

Q-IARPY HvFACF STRENGFH

The Charpy impact results are presented in tables 50 , 51 , and 52
and are shown graphically in figures 83 , 84 , and 85 . These results show
‘~~“~ air-cooled and oil-quenched specimens to have peak values in the 1 , 5000 to
l , 5S~. 

- F austeni t iz ing range of near 54 feet-poumds , whi le  the water-quenched
peak value of 60 ksi occurs at an austenitizing temperature of 1 ,600° F. In all
cascs , the peak va lue occurred when the type H premachining heat treatment
was used. The type F premachining heat treatment yielded peak Charpy values
that were appi oximately 5 foot -pounds less than the type H peak values.
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The effect of cooling to -100° F on the Charpy impact value is not signif-
icant except in the 1,450° to 1 ,550° F austenitizing temperature range where
peak tensile ultimate strength and tensile yield strc’ngth values ai-e not
achieved. In the lower end of the 1,450° to 1 ,550° F range, cooling to -100° F
caused the tensile ultimate stren gth, tensile yield strength, and Charpy
impact values to increase on the order of 25 percent.

HARDNESS

Hardness measurements were made on polished and etched sections. The
results show a hardness range from 42.1 to 50.8 Rc. Specimens austenitized in
the range from 1,500° to 1,650° F had hardness values in the range of 48.2 to
50.8 Rc, regardless of the quenching medium or subzero treatment. Specimens
austenitized at 1,4500 F had hardness values in the range of 40.7 to 43.8 Rc,
regardless of the quenching medium if not given the subzero trea tment. If given
the subzero treatment, the hardness values for the 1,450° F austenitjzed
specimens increased to within the 48.2 to 50.8 R~ range. Apparently, the
additional martensite transformation that occurs during the subzero treatment
is sufficient to bring the hardness level up to that of the specimens austen-
itized at 1,500° F and above.

DIScUSSION

The purpose of the phase II effort is to establish a quench and temper
heat treatment for AF141O steel which (1) is compatible with selected pre-
machining heat treatments developed in phase I to permit maximum metal removal
rates , (2) permits adequate control of finished part dimension , (3) results in
satisfactory properties in the 230 to 250 ksi heat-treat range, and (4) is
compatible with acceptable weidment mechanical properties.

Selection of the final combination of preniachining and postmachining heat
treatments was made on the basis of obtaining the maximum tensile ultimate
strength and tensile yield strength and impact properties commensurate with the
previsouly mentioned considerations. The selection necessarily is tentative
since compatibility with weidment mechanical properties has yet to be determined
a~ 1 valid fracture toughness tests ~iiist be made to establish that the KI~ valueis satisfactory; however, no significant alterations in the selected heat treat
sequences are anticipated as a result of these tests.

The use of an oil quench is being selected over that of a water quench
primarily because the increased distortion associated with the latter would
typically necessitate additional finish machining , thereby increasing cost.
Although the 60—foot -pound Charpy impact value is desirable, its attainment
in thick sections is conditional on obtaining the same cooling rate as was
obtained in the 1-inch-thick test sections. This is questionable at this
time.
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The type F premachine heat treatment was selected because of the more
favorable tensile ultimate strength and tensile yield strength values result-
ing from its use and, from a cost standpoint, because it is less complicatedand involves less furnace time than the type H premachine treatment. Therelative flatness of the curve s (fi gures 77 through 85) beyond the 1,5500 F
austenitizing temperature indicates that the reproducibility of the selectedheat treatment will be good.

As a result of the foregoing considerations, the tentative selection of
the final AF141O steel heattreat combination was determined to be the type Fpremachining heat treatment in conjunction with the following postmachingheat treatment:

1. ~ustenitize at 1,650° F

2. Air-cool

3. Austenitize at 1,525° (±25°) F

4. Oil quench

5. Cool to -100° F for 2 hours

6. Age at 950° F for 5 hours

7. Air-cool

~JRK IN PROGRESS

Task 2 effort is underway to establish the effect of varying the aging
temperatures (of the selected postmachining heat treatment) within the range
of 925° to 975° F. Eleven 1-inch by 2-inch by 6-inch specimens of AF 1410
steel have been cut from as-received stock and are currently being heattreated.
Evaluation will be on the basis of tensile and Charpy impact tests and metal-
lographic inspection.

Two pairs of welding specimens, 5/8 by 3 by 15 inches, have been machined - —

and will shortly be given the type F premachining heat treatment. As soon as
the aging temperature of the postmachining heat treatment is determined , two
weld specimens will be prepared, heattreated , and tested .

Fracture toughness specimens are currently being prepared. These will be
tested to determine K

1 values during the next reporting period.
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APPENDIX B

AF141O STEEL STRUCT URAL ANALYSIS
MATERIAL PROPERT IES
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Table B-i

MAT ERIAL PROPI~RTILS — AF14I() SiIiCI.

Welds Loaded in Shear
Heat-Treated Condition Parent Metal or Transverse

(ksi) 230 196

F
t 

(ksi) 215 183

F (ksi) 226 192cy
F (ksi) 147 125su

F
b 

(ksi) 331 (e/D = 1 .5)

446 (e/D = 2.0)

Fb (ksi) 301 (e/D = 1.5)

357 (e/D = 2.0)

e (percent) 10

E 106 psi 28.0 28.0

E 106 psi 28.0 28.0

G 106 psi 10.6 10.b

~.s (in/in.) 0.32 0.32

w (pci) 0.285 0.285

K1 (ksi ‘-fin.) 130
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NUMBER , 3320-020
SPACE DIVISION

NORTH AMERICAN ROCKWEI.L (:ORPORATION TITLE- CONSTANT AMPLITUDE CYCLIC CRACK
GROWER RAT E TEST - COMPACT TENSION SPECIMEN

MATERIAL AND PROCESS 
DATE December 4, 1973

PROCEDURE PAGE 1 OF 9

1. GENERAL:

This procedure describes the method for determining the cyclic crack growth
rate of metallic materials. The test is performed by applying a constant
amplitude cyclic load to a compact tension (C.T.) test specimen. This test
may be performed at other than room temperature and/or lab air environments.

2. R~~’ERENCES:

2.1 L&T Standard Specimen Drawing, L&T Std. No. 0069, “Test Specimen - Compact
Tension”.

2.2 ASTM Standard E399-72, “Plane Strain Fracture Toughness of Metallic Materials” .

2.3 SD Report No. SDT3-SR-O070, “Cyclic Crack Growth in Aluminum Alloy 2024-T851”.

3. E~ .EiPMENT:

3.1 Test Machine - A closed loop, servo-controlled electro hydraulic test machine
shall be used for these tests . The machine shall operate in load control mode
and shall be capable of stable cyclic operation up to 40 He rtz . An amplitude
measurement system and two trace oscilloscope shall be available for continuous
monitoring of load and COD during testing. Load versus crack opening dis-
placement (COD) shall be autographically recorded. The output signals to
the recording device shall be 0 to 10 volts fuJi. scale .

3.2 Crack Opening Dis~lacement Gage Transducer: The crack opening displacement
(COD) shall be measured with a double-cantilever, resistance strain gaged ,
clip on displacement gage transducer. The gage shall be similar to the dis-
placement gage described in reference 2.2.

3.3 Load Cell Transducer: The force appl ied to the test specimen shall be
measured with a load cell tran8ducer which is fatigue rated and temperature
compensated. The sensing element shall be hermetically sealed within the
load cell body and shall consist of resistance strain gages electrically
connected to form a balanced wheatstone bridge . Signal output shall be
free from the effects of drift , creep, ambient temperature changes , hystere-
sis , or resonance fran static loading up to 50 Hertz.

3.4 Clevises: Load shall be applied to the test specimen with two matched
d evises . The load line shall go through the center of each clevia . The
loading holes shall be 1.50 inch diameter minimum . The load pins shall be
1.200 inch dia meter. The clevis shall be capable of maintaining specimen
vertical alignment , eithe r with a close fitting clevis or with spacers be-
tween the Bpedime n and clevi e inside walls .

4. PROCEDURE:

*1 .2. Teat Specime n: The conpact tension test specimen shall conform to the L~~
Standard specimen drawing, reference 2.1.

- ~~~~~~~~~~ _~~~~~~~~~~~~
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4.1 (Continued)

Note: A test specimen other than the reference 2 specimen size may be
tested as long as the specimen dimensions are all a constant ratio
of the reference 2 specimen dimensions and the paragraph 3.3 d evises
and loading pins are resized with this same ratio.

4.2 Test System Calibration: The test system shall be calibrated prior to the
start of test and at six month intervals during testing. Calibration shall
also be performed an~ytime a transducer or teBt system component is changed
or anyt ime a testing error occurs which could cause the system to exceed
transducer limitations • The system shaU be calibrated as a complete unit
from the point of input to the transducer to final signal output at the re-
corder. The calibration standards which are used shall be traceable to the
National Bureau of Standards .

The load and. the COD measuring channels shall be calibrated in 10 equal in-
crements for the ranges being used. Either shunt resistance calibration
techniq,ues or master load cell calibration techniques may be used, to cali-
brate the load weig2ting system. COD system calibration shall be performed
with a frame micrometer with 0.0001 inch or less thimble graduations. The
maximum allowable error at the test system recorder shall be + 0.5% of full
scale at each of the 10 increments • The COD gage must be calibrated at the
temperature and the environment in which the testing is going to be per-
formed. The load cell must be adequately protected to ensure that ambient
conditions exist at the load cell, during all testing.

4.3- Test Setup: The test Getup shall be as shown schematically in Figure 3-.
LtAD

~ 
\ 

‘l.\ \ ‘, \~~

LQID 
______ _______

CELL

-- UPPER CIEVIS

SPECIJ€Nf Oh  GAGE 
TEST RECORD

lAMER CIEVIS

El C00
SERVOf. J
C!LJ~~~L 

_ _ _-

~~~~~~~~~~~

FIGURE 1, TEST SETUP
2 3 7
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11.3 (Continued)

Necessary fixtur ing shall be used so that the d evises are horizontally
rigid , so that the load line passes through the center line of each clevis ,
and so that the loading pins are parallel and vertical within 0.0005 inch
as measured outside the d evises.

4. Ii Crack Growth Rat e Test Conducts Test specimen size, maximum cyclic load ,
minimum cyclic load or load ratio (minimum load/maximum load ) and cyclic
frequency shall be specified by the test request (TB). Load amplitude may
be changed during a test if so requested by the TR. If the load is to be
chan ged , the TB must specify the crack length where the load change will
occur. The testing agency shal l infe r this crack length based on the slope
of the load versus COD record as explained in section 5 of this M&P procedure .

4 .4.1 Select the load and COD ranges so that the load versus COD record Is approxi-
mately 600 fr om the horizontal and covers approximately 50% of the load
range

4.4.2 Select load control mode.

4 .4.3 Install specimen in upper clevis with COD gage attac hed.

4.4.4 Adjust load and, COD channels for zero volts output with the appropriate zero
suppression poten tiometers . Adjust load and COD recorder outputs to zero.

4 .4.5 Raise hydraulic cylinder rod and lower clevis into position with the valve
balance potentiometer. Trim the valve balance potentiometer so that the
lowe r clevIs stops in the desired position (float the rem with zero load).

4.4.6 Install lower pin .

Note: If spac ers are used to position specime n , install spacers so that
the specimen is centered in each cleyls.

4 .4.7 Load specimen to the minimum fat igue load as specified on the test request
(TB) with the set point potentiometer. Monitor the load on the recorde r
which was used for system calibration.

4.4.8 Select a positive have rsine output from the function generator and operate
at 0.1 Hertz .

4 .4 .9  Adjust the Span 2 potentiometer until the maximum fatigue load as specified
on the TB is achieve d when the function generator is at maximum outp ut .
Lowe r the recorde r pen and record the initial, load versus COD line . Record
the set point and Span 2 potentiometer Bettings for the minimum and maximum
loads. Zero the counter.

4.4.10 Select reference on the oscilloscope input selector Ya channel. Select 0.1
volts per division on the oscilloscope Ya channel.
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4.4.11 Set transducer input selector to load.

4.4.12 Adjust amplitude measurement minimum and maximum potentiometers so that two
major divisions of ecilloscope beam deflection are achieved when the mini-
mum & maximum loads are achieved.

4.4.13 Put recorder into standby mode .

4.4.14 Increase the function generator frequency until the fat igue cycling is be-
ing perform ed at the TB specified frequency . Visually monitor the load
on the oscilloscope while increasing the test frequency and adjust the
eetpoint end span two potentiometers to maintain two major divisions of
oscilloscope deflection at the max imum and minimum force. Record the
potentiometer settings for the maximum and minimum loads.

4.4.15 Monito r the COD signal on the oscilloscope T
b 

channel while cyclic loading
is bei ng applied to the test specimen. When the COD signal has increased
by 0. 1 volt stop the test machine .

4.11.16 Adjust the set point and span 2 potentiometers to the values determined in
4.4.9.

4.11.17 Turn the recorder servos on. Adjust the recorder X-axis position potenti-
ometer so that the pen is positioned 0.2 inche s from the previous load
versus COD record .

4.11. 18 Operate the test system at 0.1 Hertz.

11.11.19 Lover the recorder pen and record the load versus COD line.

4.4.20 Stop the test machine & turm the recorder off .

4.4.21 Record the number of cycles (from the counter) and testin g freque ncy
Immediately next to the load versus COD line • A],so, when required by the
TB , visually measure the crack under lOX magnification minimum and record
the crack depth (a~~~~) immediate ly adjacent to the load versus COD line .

4.4.22 Adjust the set point and span 2 potentiometers to the values determined
in 4.11.14.

4.li.23 Decrease the span potent Iometer 2%.

4.4.24 Operate the test system at the TB specified frequency . Monitor the
oscilloscope Ta channel (load signal via the amplitude measurement system).
Adjust the net point and span 2 potentiometers to obtain two major divi-
sions of oscilloscope beam deflection at the maximum and minimum force.

Note: Extreme care must be exercised to ensure that the specimen is not
overloaded during start up and adjustment of the spin 2 potenti-
ometer • Overload would introduce retardation and bias test resu l ts .

an overload occurs, it must be so noted on the test record.

2 3 9
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4.11.25 Repeat steps 11.4.15 through 4.4.24 .

11 .4.26 Cycle the specimen using procedures 4.4.15 through 4.4.24 until specime n
failure occur s . If the load amplitude must be changed durin g a teat be-
cause of TB requi rement s start the test procedure from 4.4.1 through 4.4.24 .

Note : Durin g testing, when the slope of the load versus COD line approaches
30 degrees , decrease the COD magnification so that the slope returas
to 600 to 75°.

4 .4.27 At the completion of testing remove the teat record from the recorder and
note the following items on the record.

Pate
Teat Conductors Name
Test Machine Used
Material
Specimen Number & Size
Testing Environment & Temperature
Load Range
COD Magnification

5. CYCLIC CRACK GROWTH RATE DATA REDUC’rI ON M~~HOD 
-

5.1 Tea t Recor d - The following method for obtaining exper imental cyclic crack
growth rate dat a depends on an autog raphic test record with the feature s
shown in Figure 2.

This typified test record shows a series of load versus COD lines or
curves. The lines are drawn on the antogra phic recorde r by the testing
machine operator at specified intervals of cyclic crack growt h , as dc-
scribed in the previous section . The slope of each line Is a direct
result of specimen stiffness , which is dependent on crack length . By
using known elastic relatio nships that are unique for the specimen con-
figur ation , an inferred measurement of crack lengt h is made . Than , each
line represents a discrete crack length.

In addition to the load COD curves, othe r necessary inform ation is wr itten
on the test record by the machine operator . Inc luded are; the COD magnif 1-
cation factor , the load scale ran ge , and for each load COD line , the ewnu-
Lat ive total load cycles as indicated by the testing machine cycle counter
at the time the load COD line Is recorded. A visual observation of crack
length as measured at the surface of the specimen may also appear on the
tent record • Eowever , visual crack length measurements are not required
for data reductio n.

240
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5.]. (Cont’d)

p • 10- X IS-INCH CHART PAPER
mar

a.

a

-J
o

OAD COD TRACE CAUSED
Y CRACK CLOSURE
DOE S NOT OCCUR ON
LI. SPEC IMENS)

I I I I /7~~/2~~ ’— ‘-~d.~~— ---_, ~#

0 0 0 0 0 0 0 0 0 0 ~ COD X MAGNIF ICATION FACTOR

NEW ZERO-COO ” N — CUMULATIVE TOTAL CYCLES FROM THE BEGINNING ~F TH E TEST
nPOS I TION FOR — SLOPE ANGLE OF THE LINEAR PORTION OF THE L”~O COD TRACE

EACH TRACE
a — V ISUAL MEASU REMENT OF CRACK LENGTH (0Fr~ONAL)n
8
0 >8 1 >0 2> 

Figure 2 Typical Cycl ic Growt h Load Record

5.2 Data Reduction Equations:

Note: Equations 2 and 4 are valId only for specimens with proportions cor-
responding to the requirements of paragraph 4.]. (h/w = 0.6)

ES
LF . . tan 6

2) (a/w) = -0.9496 + 0.11.997 in ( CEB) -0.041.46 1n2(CEB)
+ 0.003728 in3 (CEB ) -0.0006902 in4 (CEB )
+ 0.000011396 ln5 (cEB)

3) K =  p r 1 d (CEB~~~ 
r

BW L 2  d (atw~j [(1

4) d (CEB)
d 1-mr EXP [c i+ c2(~ )+C3(~ ) 2÷C4 (~ ) 3+C5(~ ) 4 +c6(~

x [~2+2c3(~ ) .4-3C4(!)2 + 1i.C5(~ )3 +5C6(~ ) 

~I1with C1 = -0.08011.5 C3 = -511.92 C 5 -125.1
C2 = 17.91 C4 = 116.i C6 55.91

2 4 1  
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5.2 (Cont’d)

5) C net = ~~ (l-~ ) [1+3 
[

~~~~~~~~~/~~

j

6) R = P min/~ max = K mln/1(max
• .T ) d a , A ~~~= a n - a(~ ..l)

dE AN N~ N (n..l)
8)AK avg. = 

(l-R~ ) ~~~~~ + ( 1_R (n_ l ) ) Knax (n-i)
2

Where: C = Specimen compliance
E = Modulus of elasticity (psi)
B = Specimen thickness (inch)
1Lt = Poisson’s Ratio

LI’ = Load Factor - (pounds/inch on vertical axis)
04 = COD Magnification
8 = Load Record Angle (see Figure 2)
a = Crack depth as measured from load line (inch)
W — Specimen dimension from load line to back edge (inch)
K — Stress intensity (psi V j:i~~)

(Ynet = Net ligament stress (psi)
h = Specimen half-he ight
P = Load (pounds)
R = Load ratio, or the rat io between the minimum amplitude (

~ min )
and the peak amplitude (Pmax) of the load cycle .

!Cmiri and K5~~ = The stress intensities corresponding to 
~min 

and 
~max ’

n = A subscript used to designate the current measurement or
observation of pertinent parameters.

= Cyclic crack growth rate (inches per cycle , or microinches
per cycle.)

A K  = Stress intensity excursion (Kmax Kmin) for a load cycle from

~min 
to IDmax and corresponding to a discrete crack length.

K avg . = Average stress Intens ity excursion for a discrete Increment
of crack growth, a = an-a (n_ l) .

N = Cumulat ive total load cycles from the beginning of the test , or
from some arbitrary reference point.

5.3 Procedu re: Cyclic crack growth rat es and related data are derIved from the
test record in the following manner:

5.3 .1 Measure the slope angle , eo, of the straight line portion of the first
load - COD trace. (See Figure 2)

5.3.2 Calculate normalized compliance, (CEB)0, from equation 1. (LI’ is the test
record load factor in pounds per inch of linear measurement of the vertical
axis , 0’t is the COD magnific ation recorde d in the horizontal direction,
and 6 is the angle just measured.)

2 -~ 2
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5.3.3 Substitute the just calculated value of (CEB)0 into equation 2 to obtain
Initial crack length a0. (w is the width of the CT specimen.)

5.3.4 Calculate d(CE~ ’d(~ ) by substituting a~ into equation 4.

5.3.5 Calculate Kma.~~ by substituting d(CEB)/d(~ ) into equation 3. For the value

of load , P1,use 
~max • (B is specimen thickness, and f1 (mu ) is Poisson ’s

ratio.)

5.3.6 Calculate ~Tnet0 from equation 5, using 
~max and a0 .

5.3.7 Go to the next load - COD trace and measure

5.3.8 Calculate (cR5) 1 as in para . 5.3.2.

5.3.9 Calculate a, as in para . 5.3.3.

5.3.10 Calculate Kmax1 
as in para. 5.3.4 and 5.3.5.

5.3.11 Calculate CT net1 as in para 5.3.6.

5.3.12 Calculate H0 and R1 using equation 6.

Note: Normally R~ = R(~ _ 1) . However , If It is desired to take into
account the effects of crack closure then R~ does not necessarily
equal R(~ _ 1) . In that case effective “mm is used in equation
6 rather than the actual 

~mifl set by the machine operator. Effective
~~~~ is the load at which the load - COD line deviates from linearity
at the lover end .

5.3.13 Calculate da/dN from equation 7.

5.3.14 Caleu1ate AK avg from equation 8.

5.3.15 Go to the next load - COD trace and repeat para . 5.3.7 through 5.3.14.
Continue the same process for each load - COD trace on the load record.

Caution: In case the load amplitude , ~max’ and ~min 
were changed to higher

or lower values during the test , do the following to get a valid
calculation of AK avg:

5.3.15.1 When all calculations (steps 7 through 14) have been made for the last
load - COD trace before the change in load amplitude , go back and cal-
culate K..,.~ and R for the same load - COD trace but with the new values
of Pmjn and ~~~~~ Then go to the next load - COD trace and proceed
normally. At 5.3.14 when it is time to calculate K syg , substitute
this ~eeond pair of values of R and Km~~ into equation B in plac e of
R(n..l) and K~~~ (n-i) .

2 4 3
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5.3 .15.2 The reason for this variation in procedure is that AK avg is an
average stress intensity for a discrete increment of growth , and the
Initial and final stress inten sities and load ratios for this increment ,
that are used to calculate the aver age value , must be calculated with
the same 

~min and 
~max •

5.3.15.3 The foregoing procedure is not necessary if during the test conduct , the
technician drew an axtra load - COD trace whenever the load amplitude was
changed. That is , at the end of a period of growth at one load amplitude ,
a load - COD trace was drawn . Then , before cyclic growth was begun at a
new load , a second load - COD line was drawn to represent the starting
point for the new load conditions . Obviously, these two lines would re-
present A a = 0 and A N = 0 and no growth rate should be reported for
the interval .

5.3.16 Plot all values of d.a/cIN and AK avg on log - log paper with AK avg shown
as AK on the vertical axis.

5.3 .17 Tabulate the following data for each growth increment in the same sequence
that the load record followed:

Cyclic Frequency N
LF R
CM a

~
‘min Onet

~max Kmax
8 da/d1~

AK avg

5.4 The technical background, for the foregoing data reduction method is found
in reference 2.3.

/ab
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CY~1IC CRACK GR0~~ H DATA
DATE- U~~~-7~ I .D.  NC. - ~~~.w~~ De — IMATE H IAL — 4t~ i’4-IO
£EJ~P. & ENV .- er . -L. a b  / 1 D~ r

SFECIr+ N TYPE — ~~~~. ORIENTATION —

E (MSI) :2 8.OO F~FY (PSI) :  23~4O0O NU : .30
B:1 002 P MIN ( LPS) : 1400.0 LF: 1~~ O.OO
W: 4 .95  P MAX (LPS): 5000.0 C~: 500 R: .080

HZ THE~A CYCLES A STRESS K_ MAX E)A/DN DELTA K
0.00 57. 14 62 96820 1.1423 9.09 15.16 0.0000 0.000
0.00 56. 1495 135930 1.1470 9.38 15. U14 1.2002 114.0
0.00 5~ .14 72 1581450 1.520 9.69 15.75 1.5108 114 .~ -0.00 5iL62~ 19714140 1.560 9.95 16.01 1.3881 114.609
0.00 53.9 14D 218580 1.592 10.17 16.23 1.51614 114.~ 2Q

E (MS I):28.00 P~Y (PSI): 23L4000 NIJ: .~ 0b:1 002 P MIN (LBS): ~20.0 LE: 1~~O.OO
~: 4 .95 P MAX (LRS): 14000.0 CM: 500 R: .OE~O

HZ r KEr A CY2F~ A STR~’SS K—MAX DA /DN DELTA ~
30.00 53.871 218581 1.595 8.16 1~ .00 0.0000 0.00
~0.00 53.057 2731170 1.633 8.38 li.2l ~59~ l4 12.0
~O.0O 51.975 3311460 1.65’I 8.67 13.50 .86~14 12.2
30.00 50.993 380350 1.729 8.95 13.77 .Q2~3 12 .5U
30.00 50.307 1116080 1.760 9.15 13.96 .8757 12.75
0.00 149.30 14 14614560 1.806 9. ’46 114.214 .9~~9 12.971
0.00 148 .523 1499120 1.814 1 9.70 114.146 1.0198 13.20
0.00 147.635 5146250 1.8~31 9.99 114.72 .RLI6O 13.142
0.00 14~ .955 5711470 1.911 10.22 1~ .92 1.20614 13.635
0.00 ‘~o.169 607750 1.9146 10. 149 15.16 .96142 13.835

30.00 145.872 621010 1.959 10.59 15.214 .99141 13.9~ 14

E (MSI):28.00 FTY (PSI): 2314000 NU: .30
B:1 002 p !II N (LOS) : 320.0 LF: 1~~ 0.00 -
W: 4.95 P MAX (L13S): 14000.0 CM: 200 R: .0i’0

HZ T HET A CYCLES A ST RESS K—M AX DA/DM DELTA <
30.00 67.510 663770 2.014! 11.28 15.82 1.9225 114 .2~ 8

245 
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~~ a w ~~ 1) R -

r~Z I ; !ET~. CYCLES A ST!€SS (_ M~X r~ / f l  ~-LT1~
0.00 ~6.Q59 72H80 2.129 12.0c~ 16. 46 1. 2659 4. 6146
0.00 614.826 7~ 1830 2.200 12.79 17.00 1 .~~?21 15.~ q0
0.00 63. 1435 ‘~26290 2.277 13.61 17.61 1.7177 15.9~ 2U.00 61.89o 668860 2.~~57 111.56 16 .30 1 .6~ 145 16.520
0.00 61.01 14 ~97520 2. 1101 15.13 1~ .70 1 .5’I7~ 17.020

30.00 59.801 925 160 2. 1460 15.93 19.26 2.1 212 17.L~-~130.00 5~.617 950950 2 .516 16 .711 10.6~ 2.1512 17.q75
20.00 57. 14 62 97 Th20 2.565 17.56 20.~~ 2 .5090 1- ~.t102
33.00 Sb.326 Q6&’J60 2. F 1P  16 .38 2C.~~11 ?. r~~-~ ~~~~~~30 .00 55.2~9 10014520 2.f~614 19.22 21 .5 1 3.01~~ 12~~53f l

30.00 54.171 1019320 2.709 20.06 22 .0~ 3. 0057 2)J)56
20.00 52.7b5 10233Cc’ ? .766 21.2 1 22. 67 0 .014~~ 20 .’- -<1
~0.00 51.97 5 10142820 2.797 21 .~~9 23.3~ ~.29~ 6 ?1 .2’-3~
~0.00 50 .92 3 10529140 2.~~3r~ ?2.~ 1 23. 145 14 .fl?5~ 21.7~~730.00 1J9.970 106 1590 2i’714 23. 62 214.5 6 14 .1h~ 2 ??.3~~ 1

~0.O0 14°.17~ 1Q~~ O~ (j 2.~~0L4 214.142 25.0r~ 4 .014~~’ 22.~ 3?
~0.00 L4~~.95d 1077~~C 2. ’~148 25.6 3 25.90 5.3O~2 22 .1114
~C .O0 14o. 650 1055 0 2.995 2 .95 26. 62 5.79~9 214.214
~C .00 145.932 1090~4~

) 3.020 27.73 27.3 14 5.123r’ 214 .912

F (MSI):2~i.00 E~I Y  (PSI): 2314000 NO: .~ 0B:1.002 p ~~ UPS): 320.0 LF: 1~~~~0.QQ

1: 14.95 P M(IX (LBS): 110(1).0 CM: 10 0 6:

HZ fHE~ A CYCLES A STRE SS V — ’-’A X  E~ /N-J DEL TA ~“

0.00 p2.797 1096720 3.0~ O 29.6k 2~ .€- ~ 7. 1O5~ 25.76°
0.00 ol.bOO 1106070 ‘1.120 ~1.OQ 2°.6o ~.5215 26.~~350.00 5Q .51414 1116640 ~.207 ‘~14 .5Q 3~ .O0 p .2255 ?8 .3~ 2
C.0O 58.2~ 11 11 221420 ~.? 52 ‘15•14~ ~3.35 7 .8 121 ~fl .062
0.00 56. 1495 112~7’3 0 ~~~~~ ~9. 14 1 

~~~ 9 5?T~ ~~~~~
30.00 55.229 1132570 ~.353 4 1 .56 26.76 10.E14~3 1.I 33. 160
‘10.00 514.3~7 1135150 .380 1l~ .014 17.73 10.0107 ~‘L .2~~‘~O.0 0 53.~ 1’7 1118200 .~41 3 135 .06 ~9.05 11 .l6’~ 35.32

~0.O0 S’I . 1 3 1  1 114?°30 .475 149 .12 111.65 l2. qR~2 37. 12
30.00 149.107 1114o~ 2O .529 53. 19 14 14 .18 15.2126 29 .11~ 2

30.00 47 .139 11149160 2 .560 57. 140 146.71 1Q ,tJ995 41 .811

~Q.00 14~~.1lOi4 1151520 ‘1 .522 ~ l.R2 139.01 l7.°9~ 7 1i1L031
10.00 141.712 115~ 29Q 1.662 65.~ 7 51 .20 2P.51~P l45• 1~ o
10.00 42.119 1 1511720 3 .6Q~ 69. 140 ~ 3.50 25.3627 118.2(,~10.00 40.715 1155940 3.729 73• 15 55. 149 25. LISE7 50. 13

10.00 39.111 1157 120 3.7614 77.67 57.81 20 .2 391 52. ’’10.30 37.7 140 1 158060 3.793 81.75 59. 814 20.5355 511.11
10.00 ‘16.52q 115~~~~1Q ‘1.618 8s.~ s 

61 .66 ‘13.2~ 20 55.~~Q1
10.00 35.576 1159360 ‘1.837 AR .57 63 . 12 35. 1105 57. 40~

2 4 6



HZ Ti-ETA CYCLES A STRESS K-MAX DA/DN DELTA ‘K
10.00 34.263 1160060 3.863 9~.19 65.17 37.5070 59.017
10.00 37.022 1160500 3.608 83.98 60.92 0.0000 O.000~~10.00 33.306 1 160600 3.882 96.65 66.70 39.6118 6O.71~5.00 32.330 1 160850 3.901 1O0.3~ 68.�8 514.145137 62.O~~3

5.00 31.14014 1161190 3.919 103.99 69.80 52.7376 3.c17
5.00 30.1495 1161510 3.937 107.75 71.33 ~4.6123 14.420
5.00 29.549 1161820 3.955 111 .85 72.95 -~5.342~ 6.3 6
5.00 2~.920 1162030 3.967 114.69 714.013 S( .972f~ 7.6 1
5.00 28.136 1 162250 3.981 118 .37 75.142 F~7.6509 8.752

.00 27.314 2 11621430 3.997 122.28 76.85 ~3.6 l21 0.0 14

.00 26.750 116260 7 11.008 125.31 77.911 63.3~49 1,20

.00 26.0~~ 11627514 J4.020 128.81 79.16 8’4.7~27 2.266

.00 25.612 1162513 1 4.029 131.146 50.07 104.4932 ~.247.00 214.9614 1162958 14•Q14~ 135.17 81.32 105.2777 11.238

.00 213.385 116 069 14.053 138.63 52.145 99.14601 5.334

.00 23.906 116 165 14.062 1111.60 83.41 95.5333 5.296

.00 23.228 116 262 14.075 1145.99 513.79 1314.31197 7.37 1

.00 22.705 116 3135 13.085 149~54 85.88 122.01417 8.50~.00 22.203 116 1115 13.095 153.09 86.913 139.57131 9.1497

.00 22.203 11 1415 13.095 153.09 66.94 139.57141 79.1497

.00 21.80’! 11 1482 13.103 156.014 67.81 1’7.7144 80.38~.00 21.26’! 3 1 539 4. 113 150.18 69.00 187.38145 M1.335

.00 20.876 11 591 ‘4 .12’! 162 .26 30.87 1147.7112 ~2.2~2

.00 20.1490 11 6135 14.129 16~.145 90.76 1143.7714 9 3.089
3.00 20.1014 176368 9 14.137 169.77 91.66 178.1207 53.91
1.00 19.677 1 163706 4.141 171.80 92.20 274.0025 ~ 4 .57
1.-O0 19.487 1 163746 4.1140 17c.37 93.15 201.11489 5~ .251
1.00 19.11 1 1163787 14.15? 17~ .96 911.08 191.1410 ~~~~~~

2 ~7



r - _
_ __ __ _ _  _ _

C Y CL IC C R A C K  GRO WT H D A T A

D A T E -  I l - t 6 ~~? 6 1.0. NO. - ~~
-
~~~~~UJ ’~~ OQ -~~

M A T E R I A L — P , c 1 4  io
TEMP. & ENV .— e i .  - 

~~~~~~~~~

SPECIME N TYPE— C.7 0i~IENTATI0~ —

E (MS I) :28.00 FTY (PSI): 23 14000 liii : .30
6:1.001 p MIN ( LES): 320.0 LE: 12~ 0 .O O
W: 14 . 9 14  P M A X  (LP3): 11000.0 Cl: 500 ~~: . 0 ’ O

HZ THET A CY C L E S  A STRESS K — M A X  D A / P ’J  D - ’L T A

30 . 0 0  57.789 1 38530 1. 1405 7 .21 12 07 0 .0000 0 . 0 00
30 . 0 0  56.896 218 660 1. 1413 8 7.~32 12.27 •5142 9 11 .1~~i’~30.00 56. 17 8 281010 1. 1483 7 .59  12. U4 .5
3 )  ) j  

~5 
f ))~ 3 2 13 3 0  1 1~)~~~U ( F - ~ 1’~ , 1 1 1

3 i. )’) .~~1. j31 3805~ O 1.5132 7.90 12.7’3 (55 .~7 1 1~~h14 7

30 .00  514 •Q 9 5  1436 9 140 1.582 8 .11 12.96 .7 036  1 ~~. ~23
30.00  52.189 56 14380 1 .670 8. 6 2 13. 14 6 .6 0 70 12. 15(1
30 .00  50 .2 14 0 6714530 1.760 9. 18 13 .99  .8106 12 . 52 6
30.00 1 38 . 3 3 1  766600 1.8 14 6 ~4 .78 14 .53  .9214 5 1~~.121

30.00 1 4 6 . 7 1 1  813777 0 1.918 10. 31 15 .0 1  .6 9 145 12 .590

F (IISI) :28,00 FTY (PSI): 2313000 N 11 : .30
8:1.001 P HIM (LPS): 320.0 LF: 1250 .00
W : 14 . 9 13 P MAX (L RS) 14000 , 0  CM: 200 8: .0~ O

HZ THETA CYCLES A STRESS K— ~’4” DA / Pr~ D E L T A  ~:

- 30.00 6~~.39& 
— - 8137770 1.982 - 1-0.81-~~- 15 .413 0.0000 -0.-O-&~—

30.00 6~~.595 900010 1 .969 10.71 15.35 0.0000 0.00()
30.00 67.120 9691360 2.062 11.50 16.01 7.31422 114 .1323
30.00 65.772 10140730 2.1 132 12.26 16.60 1.1299 113.00C
30.00 6’i .080 110139130 2.238 13 .214 17.35 1. 1466 7 15 .6 1c

30.00 62.706 11571480 2.311 114.07 17.96 1.3973 16 .239
30.00 61.631 1196000 2.366 114.75 18 .1414 1. 14316 16.713 1
30.00 60.317 1233110 2.1331 15.60 19.014 1.71482 17.240
30.00 59.205 1258250 2.48 14 16.35 19.56 2 .101414 17.75~
30.00 57.789 1 285280 2.5’49 17.314 20.214 2.140 38 1 8.207

30.00 56.815 1305240 2.592 18.05 20.72 2.1665 1~~~~~J 4 7
30.00 55.706 1323720 2.6140 18.88 21.29 2.59142 19 .32~
30.00 514 .397 1339960 2.695 19.90 21.98 3.3796 1Q~~0Q5

30.00 53.277 1355280 2.7141 20.81 22.60 2.9801 20.50~
30.00 52.13013 1366190 2.776 21.5 13 23.10 3.1699 21 .02’4
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HZ THET A CYCLES A STRESS K— MAX DA/ON DELTA K

30.00 51.201 1379150 2.823 22.59 23.82 3.6176 21 .583
30.00 50.307 13871190 2.857 23.140 213.37 14.0859 22.165
30.00 49.3013 1396240 2.89Z4 214.33 25.01 14.29113 22.7114
30.00 48.395 11403700 2.928 25.21 25.62 14.138142 23.268
30.00 147 .3 86  1410870 2 .96 14 26 .23  2 6 . 3 1  5 .0870 23 .887

30.00 146 .529 11416120 2.995 27.12 26.93 5.807° 24.489
30.00 45.696 11422110 3.024 28.01 27.5 14 13 .882~4 25 .056

E (MSI):28 .00 FTY (PSI): 2314000 NU: .30
B:1.0C1 P MIN (LPS): 320.0 Ll~: 1250,00
W: 14.913 P MAX (LRS): 13000.0 CM: 100 P: .0~ 0

HZ THET A CYCLES A STRESS K— MAX DA/DN DFLTA <

30.00 63.895 11422110 3.028 28.14 27.63 0.0000 (1.000
30.00 62.526 114311390 3.086 30.08 2-3.97 6.2357 26.036
30.00 6 1 .0 114 114 111000 3. 144 7 32.30 30. 14 9 6 .37 96  27 . 35 1
30.00 59 .715 114 147380 3 . 196  214 .27 3 1 .814  7 ,70 644 2~~.675
30.00 58 .5 33  11452810 3 .239 36 .12  3 .11 7. 6-5 31 29. 876

30.00 57 . 300  1457850 3 .281 38.12 314 .146 5 • 1 3 1 3 c 5  31 .0 ~ 0
30.00 56. 178 11461 790 3.3 19 39 .99 35 .72 9. 14171 2 2 .2 6 0
30 .00  5 13 . 8 54  1466010 3 .361  142.28 37 .23  0 .9517 33 .5 5 5
30.00 53.721 14b9280 3.395 1414 .30 38.56 10.56143 3J4~~ 5 5 3

30.00 52.545 11472310 3.430 46.137 R9 .96 11.3 00 3 35 .11 7

30.00 50.2130 11477250 3.14 913 5 0 . 914 42 .79 13 .0592 3~~.0~~3
30.00 148 .395 1480 1480 3 .5 14 3 514 .75 145 .12  15 .073 8 140 . 1414 0
30.00  146 .529 1483250 3 .590 58.82 147 .55 16.95 99 1 42 . 6 3 1
30.00  1414 .658 14851490 3 .6 35  6 3 .15  50.05 20 . 1221  4li .~~C~7
30.00 14 2 .957 11487370 3 . 6 7 1 4  6 7 . 3 3  52 .38  20 . 973 4 117. 119

30.00 141. 507 11488820 3 .707 71.09 514 .4 1 22 .~42 9~- 4 q • 12 5

30 .00 39 .994  11490050 3.7 110 75.23 56 .5 8  26. N53 1 51.0~ 5
30.00 38.749 11491050 3.766 78.82 58.39 26.5227 52.8~-7
30.00 37.230 11492060 3.798 83.133 60.66 3L3425 5 1 4 . 7 6 4
30.00 36.167 1J4927 10 3.820 86.83 62.27 33.14623 56.5446

30.00 3’4.890 1493360 3. 814 6 91 .11 6~4 .25 39 .527 3 58 .201
30.00 33.903 11493880 3,865 914.59 65.81 37.6822 59.827
30 .00 32.661 1149 1414 60 3 .889  99.19 67 . 80 13 1 .98 72  6 1. 4 62
30.00 31.814 5 11394780 3.905 102.36 69.14 139.149149 62.995
30.00 30.91313 11395150 3.923 106.01 70.611 ~46.97141 614.301

30.00 30.058 113951480 3.9 14 0 109.75 72. 11! 5 1 . 3 9 1 4 3  65. 682
30.00 29.136 114 95780 3.957 113.85 73.74 58.5802 67. 105

30.00 28.523 11495990 3.969 116.68 714.81 55. 1 3 17 14 6R .3~ 2
30.00 27.7314 1496220 3.9811 120.148 76.22 6~~.01478 69.1477
30.00 26.819 114961410 4.001 125. 10 77.89 O1.Q860 70.803
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HZ THETA C Y C L E S  A S T RESS K — M A X  D A/ D N  DELT A K

30.00 26.136 1496590 14 .0114 128.73 79 .16 71 .8626 72 .2145
30.00 25.1485 1496760 14 .026 132.3 14 80. 140 72. 6 599 73 . 4 0 0

30.00 214.842 1496890 14 .039 136.06 8 1 .6 13  93. 66 58 714 . 5 44 0
30.00 213.327 1497000 14.0148 139 .16 p2.66 89.35~~1 75.575
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CYCLIC CRACK GROW T H DATA

DATE-  ( I - f ~~~- 7 6  I . D .  N O . -
M A T E R I A L _ 4 1~ 14. 10 S T L
TEMP. & ENV .— e r  L Q ~~ 1c~.r
SPECIME N TYPE -  cT  O R I E N T A T I O N —

E (MS I)~~28.00  FTY (PSI): 2313 000 NIl: .30
B: .998 P MIN (LPS): 280..0 LF: 1250.00
‘
~~~: 13.9 14 P MAX (LRS) :  3500.0 CM: 500 R: ,0~~0

HZ THET A CYCLES A STRESS K —MA X DA/DN DELTA K

30.00 56 . 178  303980 1. 479 6. 6!! 10.90 0 .0C ’O0 0. 000
30.00 55 .085 1422570 1 .53 1 6 .88  11. 13 .1414 01  10.1 37
30.00  53 .5 7 1  52887 0 1.588 7. 15 11. 140 .5390 1 0 .3 5 7
30 .00 5 3 .1325  601050 1. 609 7 .25 11 .50 .269 1 10.538
30.00 53 .057 636 1480 1.626 7,3 14 11.59 .14 838 10.623

30.00 52 .5 138 6791450 1.650 7. 46 11.71 .51499 10.716
30.00 51 .621 758070 1.693 7 .69  11.92 .5 1413 1  10. 870
30 .00 50 .64 8  836710 1.737 7.93 12. 16 .5662 11.078
30.00 50.037 889110 1 .765 8 .09 12 .31  .5309 11 .254
30.00 139.239 971500 1.801 8 .30 12.51 . 13388 1 1 . 1 4 1 1 3

30.00 148. 267 1029600 1.84 5 8 .57  12.75 .753 0  11.617
30.00  147 .3 86  1099 100 1.8814 8 .83  12.97 .5678 11 .633
30 .00 14 6 .136 9 1162520 1 .925 9. 10 13. 21 .6 1413 6  12 .046
30.00 14 5. 1162 1221380 1 .970 9. 14 1 13. 148 .759 1 12.27 9
30.00 1414. 6 58 12714360 2 .006  9 .67  13.70 .6710 12 .500

E (MSI) :28.00 ETY (PSI): 234000 NU: .30
B: .998 P MIN (LBS): 280.0 LF: 1250.00
W : 4 .94  P MAX (LBS):  3500.0 CM : 200 B: .O~~0

HZ THETA CYCLES A STRESS K— MAX DA /D N DELTA V

30.00 67 .706  127 14360 2. 0 22 9 .7 9  13. 80 0 .0000 0 .000
30.00 6 6 .6 3 6  1358220 2 .088 10.30 14.21 .785 1 12.883
30.00 6 14 .920  11471830 2. 187 11.15 114 .87 .8796 13 .378
30.00 6 3 .619  15360 14 0 2 .259 11.83 15.38 1.1175 13 .9 14
30.00 6 2 . 16 6  1607960 2 . 336  12.61 15.9 11 1.0617 114 .1407

30.00 60 .926 1654590 2.398 13.30 16. 143 1.3375 14 . 893
30.00 5 9 .37 14 1707 1480 2.473 114 .20 17.06 1 .4 133 15. 1409
30.00 58.201 17142690 2.527 114 .92 17.55 1.5429 15.924
30.00 56 .896  1773330 2.585 15 ,74 18.12 1.9062 16 .140~30.00 55.706 1801050 2 .637 16.52 18.65 1 .8583 16.9 11
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30.00 54.5149 1822880 2.686 17.30 19.18 2.2287 17.1102

HZ THET A CYCLES A STRESS K— MAX DA/ON D~’LTA K

30.00 53 .277 18’4206o 2.738 18.20 19.80 2.7103 17 .930
30.00 52.0136 1862050 2.786 19.11 20.142 2. 14 1475 1~~.1r~730.00 50.786 1877730 2 .8 35 20.08 21 .08 2 .110 14 19.0~ 6
30.00 149 .569 18921470 2 .88 1 21.07 21.75 ~.1160 19.702
30.00 118.652 1903200 2.915 21.83 22.28 3 . 1611  20 .2 5 11

30.00 137.510 1913600 2.957 22.83 22.96 3.9878 20.6 1 1
30.00 146.650 1922250 2.987 23.61 23.50 3.5507 21.373
3C.0O 145.696 1931014 0 3.02 1 2 14 . 5 0  24.12 3.-~186 21 .003
30.00 144,715 1937760 3.055 25.116 213.78 5 .O5 8~ 22 . 14 00

E (MSI):28 .00 FTY (PSI) : 23~4O00 ?4(J : .30
B: .998 p MIN (LRS) : 2 0.0 LF= 1250.00
4: 4 . 9 4  P MAX (LBS) 3500.0 C~: 100 P: .0~ O

HZ T HET A CYCLES A STRESS K — M A X  DA / O N  DELT2 ~
‘

30.00 63 . 4 35 1937760 3 .0 4 5  25.18 213 .58 0 .0000 0.000
30.00 61 .5 14 2 1951060 3 . 1 2 3  27.56 26 .22  5.8970 23 .270
30.00 6 0 . 1 4 4 4  1959800 3 . 178 2 9.130 27. 138 6 . 185 7 214 .705
30.00 58.617 1968760 3 . 2 3 3  3 1.4 8 28 .90 6.22 17 ?5.93 9
30.00 57.361 1975370 3.276 33.23 30.09 6.13503 2 7 . 12 6

30.00 57.381 1975370 3.276 33.23 30.00 6.14~ 03 27. 136
30.00 55.914 1 1981730 3.3214 35.33 31 .50 7. 14 790 2 5 . 33 1

30.00 514.778 1986830 3.360 37.10 32.67 7.2123 20.519
30.00 5 3 .4 9 9  1991290 3 .3 99  3 9 . 1 1  3 3 .98  8 . 7 183  30 . 66?
3 0 . 0 0  5 2 . 1 1 7  1995 4 43 0  3 . 144 0  14 1 . 3 5  35. 1413 0 . 7 3 4 4  3 1 .03 4

30 .00  149. 4 36 2002 1450 3 .5 13  4 5 . 9 9  3 .3 14 10.50713 32~ q~ c
30.00 14 7.016 2007520 3 .576 50.50 4 1 .07 12.2 766 3 6 . 5 3 2
30 .00  145. Q57 2010800 3 .62 3 54.~4 1  1I3.3~i 114 .55 9 7  28 .~~ 2c
30.00 133 .1440 2013520 Th661 57 .6 14 145.213 114 .4 30 4 110.714 0
30.00 14 1.7 10 2015860 3 .700 6 1 . 7 3  147~~ 4 Q  16.7 1305 4 2 . 5 33
30.00 4 0 .0 8 9  20 1777 0 3 .736  65.58 44 9 . 4 3 18 .505 5 14 14 .530
30.00 38. 14 37 20 19520 3 .7 7 1  6 9 .7 6  51 .514 20. 1160 1 4 5 . 4 4 6

30.00 36.939 2020830 3. 802 73 .79  5 3 . 5 1  2 3 .777~ 146 .32 6
30.00 35.538 2021930 3.831 77.79 55.39 25.0205 50.005
30.00 3 14 . 3 3 5  202.2850 3 .855  8 1 . 1 3 1  57 .0 14 2 6 . 15 0 0  ~ 1 .720
30.00 33 . 13 14 2023700 3.879 ~5.23 58.72 2 7 . 9 0 14 4  ~~~~~~30.00 32.102 20214310 3.899 88.68 60.20 3? .022~4 514 .7 014

30.00 30.793 202 13980 3.9214 93 .31 62.11 37.76~ 0 55.261
30.00 29.745 2025500 3 .9 14 14 97.2 14 6 3 . 6 8  3 8 . 6 18 0  ~7 . & 6 ’
30.00 28.787 2025960 3.962 101.03 65 . 114 3 9 .7 10 3 50 .2 514
30.00 27.9814 2026330 3.978 1014.36 66.39 111. 2 191 60.503
30.00 27.150 2026670 3.9944 107.99 67.71 116 .530 1 61 .6’3 8

30.00 26 .3 15 2026980 14 .00 9 111.81 69.07 5 1 .0 4 36  62. 02 1
30.00 25. ’785 2027200 14 .019 1 1 14 . 3 13  69 .95  1 3 5 . 7 1 4 7 9
30.00 25.129 2027430 44.032 117.60 71.05 513.237~ 

6 . 59
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CY~ .IC Ci~ACK GROWT H DATA

~~~ERIAL-A FI4 1O 
I.D. NO.- ~~~~

) J
~ Oe-7

IF~1P. & EW. - tT .  (. c~ , 4ir~
3?ECI~EN TYPE— C-I.  ORIENTATION-

E (MSI):28.00 ~I~Y (PSI): 2211000 NU: .30
B: 998 P MIN (L8S)=1~380.0 LF: 1230.00
W: 4.914 P MAX (LPS): 13600.0 CM: 500 R .300

HZ THETA CY0ES A ST RESS K_ MAX DA/t)N DELTA K
0.00 57.057 23~000 1.14 6 8.119 13.144 0.0000 0.000
0.00 ~6.17~ 3086 10 1. 14 9 8.7~ 13.67 .56~6 9. 14~89
0.00 D5.OO8 ~85370 1.5 11 9.O~ 13.98 .7274 0 .678
0.00 514 .171 ‘444290 1.5 14 9.31 114.21 .6708 0•~~5Q
0.00 52.5148 51471140 1.6 0 9.81 114.66 .7263 ‘~fl .11?

0.00 50.854 636530 1.728 10.3€ 15.18 .871 14 10. 4’
0.00 149.370 708580 1.795 10.87 15.64 • 0357 10 .7
0.00 147.823 781000 1.365 11. 1414 16.13 .9E08 11. 11
0.00 46.3~l9 840060 1.930 12.01 16.6~ 1.11 32 11 .U5
0.00 1414 .829 890670 1.9~8 12.63 17.11 1.3307 1i.~

I’L

E (MSfl:28.00 FTY (PSI): 2311000 NU : .30
P: 998 P MIII (LPS):1380.0 LF: 1230.00
W: 4.914 P Mt~X (LBS): 14600.0 CM: 200 9: .300

HZ THET A CY~~ES A ST RESS K-~1~X DP/DN DELTA 1<

30.00 6J 55  9614350 2. M6 13 .8~~ 18.O~~ 1.6037 1? .308

~0.00 44.b~9 101Th70 2.203 114.8~~~ 18.7~ 1.6326 12.8Q2
~O.00 3.3142 1058800 2.2713 15.714 19.141 1.7195 13 .269
~O. 0O 2.435 1088160 2.321 16.~ 8 19 .86 1.62148 1~ .’7 135
30.00 1.365 11164 10 2.376 17. 6 20.39 1.9263 114.fl~~
0.00 10.11414 11141070 2 .1436 18.08 21.00 2. 13290 113 • 13Q5

0.00 50 .026 l1~ 4510 2.14R8 1~ .014 2 1.5w 2.2202 114 .001
0.00 s~ .1’r8 11~2570 2.5~ O 19.68 22.0’~ 2 .3~~~~9 15.269
0.00 57.057 1198780 2.578 20.55 22.63 2.0308 15.539
0.00 56.020 1213914 0 2.623 21.134 23.20 2.~ 7OtI 16 .0141

0.00 55.085 1228280 2.663 22 .26 23 .714 2.7701 16 .14 20
0.00 ~3.2011 12i4g460 2.740 211.00 213.87 3.8292 17.012
0.00 50.560 1272270 2.8~I3 26.62 26.57 13.131414 1~~.OO3
0.00 146.832 1298690 2.980 30.81 2 .32 5.141713 1q.56~0.00 44 . 1489 1312700 3.062 33.77 31.26 5.8358 21.2014

E (MSI1:28.00 FTY (PSI): 2~1lQ00 NU: .30
8: 998 P NIN (LE1S):t380.0 LF: 1230.00
W: 4 .94  P ~~AX (LRS): 14600.0 CM: 100 R: .200
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HZ THETA CYCLES A STRESS K—MAX DA/DN DFLTA ‘(

0.00 61.365 1 23260 2.130 36.53 33.08 6. 13261 2?.5~Q
0.00 60.317 1 29330 3.170 18.213 113.25 6.673U 23.570
0.00 57.953 1 39100 1.256 132.60 27.02 8.75014 2~1.Q5~4
0.00 56. 0~0 1 1151300 2.320 146.29 34. 40 ~.814qq 26.752
0.00 55.085 1 49520 3.350 148 .15 130.57 9 .52314 27.991
0.00 514.005 1352360 2.381 50.16 141 . 814 10.71456 2~.~ 135
0.30 53.277 1354990 3.1305 51.87 142.90 9,~~72 20.660
0.00 51.333 12581350 3,11137 54 .99 1414.81 12.0~06 20.70
0.00 149.239 1165560 1.51~ 60.92 148.35 0.9700 22. 60
0.00 147.698 1368090 3.558 611.67 50.52 1~ .1~in 314 .607
0.00 146 .229 1370 190 .5944 68 .131 52.614 17.428 5 26 .107
0.00 414 .b0~ 1371930 .633 72.78 55 .03 22.14714 5 27.685
0.00 14R.28o 13722~40 .662 76.19 s6.86 20 .0~1i~ 29. 162
0.00 3~s .~ 72 13767~

) .71l~ 87.90 62.80 244 .01492 14l .c80
0.00 31.399 1 376290 .792 95.35 66.33 29.3116 14~ .196

30.00 25.383 13~9450 3. 833 102.86 69.72 35. 4505 147.61
30.00 12.~~r~5 1~ oO14?0 1.869 110.12 72.814 36.9009 ~°~8’~30.00 12.102 1351160 3.898 116.57 75. 148 2Q .19~l4 51.91
10.00 28.974 13~231i 3.9 58 131.81 81.31 52.1806 514 .87
10.00 27.318 13~2810 3.990 1130.98 814.57 63.0113 58.059
10.00 26.225 12 82170 44 .010 147 .514 R6 .7c~ 57.55 76 50 .07
10.00 25.212 138314~40 14.029 1513.013 p8.9 1 71.2522 6i . 149
10.00 214 .2 59 1383660 14.0147 160.50 90.95 81.71381 ~~.9 50
10.00 23.372 1363860 4 .0 65 167.07 92.9L4 66 .1006 A. L36c

~
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CYCLIC CRACK GRO~,tr H DATA
DArE— 1— 1 7 -77  I.D. NO.- A a uJ~~ p -

MATE}1IAL-f~~ ld(o ,T~~ELTENP. & Ei~V .- p.1. L A’3  P6 ( ~~SP~~ CI~ EN TYPE— 
~~. ~~ 

OPIENTATION—

E (MSt) 28 .OO F’TY (P S I) : 2214000 NU: .39
9= 997 P ~‘I~ (LPS): 280.O LF: 1230.00
~i: 4 .914 P MAX (LES): 35CX).O CM: 5(X’~ ~~: .080

~-fZ TH51~A CYcLES A ST RESS K-~~ X DA/ D~-r fl~LTA ~
1.00 56. 1495 113110 1.463 6.5~~ 10.314 0.0000 0.000
1.00 55.823 141218 1.139~ 5.7~? 10.137 1.1c107 o.57c
1.00 55.317 68500 1.51~ 6. 83 10.5.-i .Pe~51 Q .~-~’4
1.00 514.77~ 96000 1.5~4~ 5.95 1fl .~

Q .930~ 9.7#~30.00 54 .77~ 0 1.5135 5.45 in.6o 0.0000 0.0fl’~
30.00 53.573 108900 1.601 7.22 10.95 .520 5 0.0~2
20.00 52. 13013 221170 1.656 7.50 11.20 .4~ 142 1C~.1~ Q
~0.00 51.410 319920 1.7)1 7.714 11. 133 .11638 ie.~~iO

E (MSI):28.00 F’TY (PSI): 2314000 ‘i-U: .20
3: 997 P MII~J ([PS): 320.0 LE: 1230.00

~~: 4~Ql4 P ~IA~~ (L6S): 4000.0 CM: 500 8: .0~0
HZ TFi~TA CY21~S P. STP~SS K—MAX DA/D~ )ELTA ~

30.00 149.635 14~2150 1.782 0.37 13.51 0.Q009 0.000
30.00 14b.717 5~0141O 1.0214 9.65 13.78 .~-5°Q 12.5~ 230.00 ~46 .832 5067 50 1.908 10.27 113.31 .°77~ 12. 02O
30.00 14~ .23C ~7~ 000 1.~~79 10.83 1~4 .7 7 .0~)85 13 .7714

E (~lSI):23.0fl F1~Y (PSI): 2314000 ~JU : • 2Q
B: 997 P ~ir -~ (L85): 3~C.O L’: 1~~0.U0
~1: 4 914 P -~PX (L’25): ~‘~ 75.0 CM: ~00 9: .0’~

~iZ Iii~rA CYCLES A STR~:SS ~~~~ IX D4 /D~ D~LT~ K
1.00 145.000 11020 1.990 11.91$ 16. 22 0.0000 0.000
1.00 1413 .152 29256 2.027 12.29 lc .sn 2.~~ 1c 15.0514
1.00 tI3.01~ 55925 2.07~ 1 .78 ~~~~ 1.~ P7~ 15.256
1.00 141.55 83699 2.1111 13. 1414 17.37 2.2970 15.7~ 7

E (NSI):26 .OQ F~TY (PSi): 2314000 NIl: .30
3: 997 P MI~4 ([P S): 250.0 LF: 1230.00
~: 4.914 p MAX ([PS): 14375.0 CM: 200 P: .030

dZ THET A CYCLES A STRESS K-~~~X DA /DN DELT A K

30.OC 65.392 0 2.160 13.614 17.52 0.0000 0.000

255
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HZ THETA CYCLES A ST RESS K-MAX DA/~~ DELTA K

30.00 64 .452 316140 2.213 114.214 17.96 1.6770 16.22030.00 52 .973 67360 2.293 15.21 18.614 2.2317 16.832
30.00 I~1.587 90950 2. 2614 16.16 19.29 2.1974 17. L1fl6
30.00 50.490 1214260 2.1419 16.02 19.81 2.237 14 17.0~6
30.00 59.205 1118950 2.13~0 17.8~ 20.1414 2. 14~59 18 .5114
30.00 58.11~ 167330 2.530 18 .70 20.08 2.7206 19.052
30.00 57.13d 1861300 2.5714 19.117 2l.~4~ 2.30~52 19 .5~ 21.00 57.138 0 2.5714 1~ .147 21.14~ 0.0000 0.000
1.00 55.780 120141 2 .633 20.58 22.20 14 .5515 20.091.00 5’4. 816 23~93 2.67 13 21.39 22.73 3.F39~ 20.66
1.00 S~ .2014 214956 2.7 14 0 22.91 22 .65 p.8137 21 .3~630.00 5~ .204 - 0 2.714 0 22.81 2~.65 0.00Q0 0.090
20.00 52.010 10~00 2.787 22.92 214 .27 14 •511~ 14 22.091
1o.oo 50.95r~ 17~ 20 2.~~2A 24 .93 25.~ 3 5~25~14 22.721430.00 50.10 14 21314140 2 .861 25 .78 25.58 13.006 9 23.282
30.00 140 .1140 301450 2.897 26 .77 26.22 5.9~ Ll9 2~.83530.00 14~ .20 3 261470 2.931 27.77 26. 80 5.7161 ?1LH2~30.00 147.386 131010 2.961 28.67 27.14 8 6.50~0 25.00730.00 145580 2: 991 2~~~4 2~ .12 6.5 1 1 2  25:573

1 00 46 5 0 2 991 2 “ 2 1? C) 000(1 0 00’)
1.00 135.637 3~ 23 2.023 20.60 26.~ 1 8.1707 26.1 844
1.00 1414.857 6o30 2.050 ~i.~ ’1 20.~~2 8.738 5 26.780
1.00 14 14 .153 c q148 2.0714 22.52 30.01 8 .00448 p7~~2 141I
1.00 143 .359 121120 3.101 33.55 30.69 10.9053 27.02?

~ (VSfl :~ 8 Q ~ F’fY (P61): 23’000 itJ: .20
B: 997 P MIN (LFS): 350.0 LF: 1~~0.00
1: 4.94 p MAX (ITS): 13375.0 CM: 130 2: • r- .-o

H~ T HETA. CYCLES A ST R8SS K— ~~X D~/DN D~LT’~ K

30.00 62 .076 0 2 .102 22 .59 30.71 0.0000 0.000
30.00 60.311 71430 2 .171 36. 135 22.59 9.2952 20 .117
30.00 59.20D 12670 3 .212 28. 22 33 .81 7.86117 20 . 5) 42
30.00 58.118 16650 3.251 130.21 15.02 9.7056 31.€~6~30.00 57.138 191450 3.28 14 141 .96 36.16 11.97139 32.711q

• 30.00 56.257 22620 .3 12 112 .57 37.19 0.2OOl~ 2 2 .7111
30.00 55.0~46 25300 .152 14~~•~~L1 38 .64 14 .14 366 314 .58~1.00 55.0 14 6 C • 352 14s.~ 13 2~ .524 0.0000 0.000

1.00 53.914 5 2059 .286 147.98 39.96 16. 14b914 36 .161).00 53.167 3685 .1309 449.53 130.94 1’4 .289c 7.221
1.00 52.117 5l436 3.1314 0 51.65 ~42 .26 17. 13186 3~.27030.00 52.117 0 3. 13140 51.6~ ‘12.26 o.ooo~ o.ooo
‘0~CO 51.201 1730 2.465 53.60 143.143 114 .q14?~ RQ .141~3u.0O 50.172 31~0 3. 14014 55.83 1411 .76 20.’47~ 0 ‘10.56~
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HZ THETA CYCLES A STRESS K—MAX DA/DN DELTA K
30.00 449.370 13~190 . 15 57.61 145.81 15.5627 111.6614
10.00 ‘18.1327 5870 . ‘10 5O~77 47.07 17.8823 U2.7?6
30.00 147.635 68~~ . 60 61.62 148.1 13 21.118~ 42~7Q
30.00 146.7131 7960 . 82 63.78 139.26 19.8268 1314.81;

1.OC 46 . 7~4 1 0 . 82 63.78 14~ .3 6 0.0(~00 o.oon

1.00 ~4S.~ 06 884 3. 08 66 .37 s0.~ r 26 .C66~’ 116.075
1.00 11~.C’~6 1610 3. 28 6)~.4~ 51.9 14 26.7~ 51 147.262
1.00 14 11.153 22114 3. 145 70.37 52.98 28.62112 11-~.”-’4

20.00 1314.151 0 3. ~45 70.17 c2.98 0.0000 0.(’00
30.00 4 3.117 930 3. 6’~ 73.17 ~4 .117 25.7877 49• 11 77

30.00 142 .300 1510 3.687 75.145 5~.66 31.9086 ~~~~~• 20.00 141.659 2050 3.702 77.29 5~ .6fl 26 .00214 51. ’~~10.00 14 1.0314 21460 2 .715 79 .11 57.53 21j .~~7L~1 c2 .~~~
~0.00 140.25~ 2950 2 .732 91.4 5 58. 0 24 .6~52 53• 462
10.00 39.665 3320 . 145 93.27 59. 9 34.147 142 54 .44 11
1.00 39.665 0 . 145 ~2 .27 59. 0 0.0000 0.OCO
1.00 39.157 31° 5€ ~r4. R7 60. 7 214.O 14~ 6 55. 160
1.00 38. 1415 63~ . 72 87.26 61. 1 50.00 F 5~ .062
1.00 37.869 910 . -33 89.06 62. 36 111.2906 56. 079

1.00 37.251 1162 2 .796 91.1~ 6 3.32 50.7l5~ 57.~~1~’
1.00 3~ .774 1397 ~.806 92.7~ 613.08 131.9~35 s8. 610
1.00 ~6.00~ 1688 1.822 95.51 65. 2 1 52~ 714~~3 50 .~~7fl
1.00 )5.615 1859 3.830 96!i 3 65.4 14 116 .55 614 ~‘~.275
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CY CLIC CRACK GR0~’.T’I DATA
DAT E-.~~~~~~

4 7 7  iJL N0.~~~~~~UL)rOr~~~
~1ATt~RIAL— AF 1410 5rc~€~ LTE~P. & U-W .- e- i. 3.S°IQ Sp~Lr ~~~~~~~~
SPEOI~€’~ ‘i~ PE— C. 1~ 0RIENFAT IC~— 

t~ (MSI):28.00 Pfy (PSI): 2214000 lU: 2I~~

8:1 000 p MI~ (IPS):~~ 60.C LF: 10(X).00
W: !4 •913 P t&AX ([PS): 7000.0 C~1: 5(0 R: .0cC)

HZ 1HFT A CYCLES A ST5~.$S K—t~-~X 
P4/PS) D~’LTA ~

(

20.00 62.078 27970 1.14 18 12.714 20.2 ! 0.0P~0 0.000
20.00 f~2.~~)0 37150 1.1350 13.01 2C.5-~ 3.47714 1~ .7h720.00 61 .720 13~750 1.486 1~~.32 20.R~ 2 .74r~2 1 . 01’)
20.00 ~1 .1~.)1 85170 1.519 i~~.62 2 1 . 1 0  ~~~~~~~~ 10 .28~
20.30 t-~C.141C 66~70 1.551 13.°2 21.38 . .67!l0 1fl .52~

1.03 t~0.1490 0 1 851 13.02 ?1.18 0.0000 0.000
1.0~.) tC ’ .317 2300 1.~~ 0 113.00 21.1

~ 2.9121 1°.70~1.00 Y~.7 15 7~~5 iAQi 14 .30 21.713 6.561 1 10.870
1.30 59.205 123~6 1.617 114A6 ?1.QS 11.~ 6s6 20.110
1.00 5~.617 171440 1.6136 114.~~ 27.26 5.887 1 20.3~~
1.00 5~~.

9i~14 22620 1.6~3 15.014 22. 142 3. 2106 ?0.~ 51l
1.OC 57.~~ 5 272~~ 1.~ Qo 15.1~ 22.l~i 7.0520 20.778
1.OC ~7. 4~2 0 1.7014 15 .47 22.~2 0.0000 ~.0Cfl20.00 57.057 8290 1.7214 1c .6C~ 22.02 2.1301~ 21 .0~7
20.00 55•1425 14600 1.7~ 1 1~ .00 2’~.30 14.3206 21.3C(’~
20.00 55 .862 22820 1.7~2 16 .35 2~.(1 1.7202 ?1.~~70
20.3e ~5.23~ 20430 1.hl2 1(.71 ~~~22~ 21. ’ i ’

2~5’~
) 1 4 17 7 ~ ~i 7T 6~ 2~ 1

:-~~.~~~~: ~ 
-‘
~~ 

C 1 ~141 17. fl
~ 214.211 0.0000 r’•r~ n

1.C-~ ~. 14 •3~ 9 ~~7 1 1.~i6fl 17. 14~ 24 .8~I 7. 2~ 12 22. -i~~
~~~~~~~

- 53.)72 7~’2Q 1.890 17.70 2L4 .77 5 .2°~ 1 22. ( ~
-

1.0~ ~~ .2C’ 14 12b09 1.907 17.92 2U.QS 3.4376 2?.- -7~
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CYCL IC CRACK GROWF H DATA
DATE- I.D. NO. —
MATERIAL—
TE~1P. & EN ~/ . —
SPECD€ ?~ TYPE— ORIEWTATI0N—

E (MSI):2~.00 FTY (PSI): 23l1000 414: .30
8:1 000 P ~~~ (LPS): 560 .0 LW: 1000.OP
~: 4.gi~ P ~‘AX ([PS): 7 CYO.0 CM: 500 ~~: .0~ C

~Z TH~F~ CY2ES A ST RESS ~—~‘AX f lA/ r ’ !  ~9~TA ~
25.00 52. P44 0 1.91 19 .0 6 25.02 0.0000 0. r’00
25.OC 52.~ 20 6 1140 1.92~ 18 .29 .26 2.7200 22 .1~~72~.00 52. 1~ 0 1 1h140 1 .95~,4 1 d c .56 2 .14~

) 3~447114 22 .2117
2~.00 52 152 1~ 00C) 1 ~5’ 1~ 5~ ~ 51 2q16 22 !45 ~25 JO Si 554 27~00 1 9

(2 1~ 2~ ~l2 2 3 )77 22 ~ 1

2~ .00 50. 14 25280 2.015 19.1414 26.10 ~.81l~° ?2 .02(’
~~~~ 50~g~4 - - (1 2.015 19.1414 26.1~ ~.000fl (1.OC-1
1.00 50.307 2360 2.029 19.81 26. 13 7.31146 ?13.?2~1.00 149.769 681* 2.061 20.1~ 26.77 6.9002 2LL .40~1.00 149.503 7800 2.075 20.37 26.01 12. 407? 211.6214
1.00 40 .0142 11423 2.095 20.70 37.16 5 .6251 71J •~~752~ .00 14~4 .C44 2 . 0 2.095 20.70 27.16 O.OOf)0 0.0~)’~25.00 448 .5~Se 66~0 2.1 15 21.03 7.141 3.00CK 4 25 .102

25.00 147.14148 11160 2.1b5 21.88 28 .044 11.11432 25.5t ’~~
25.00 147.077 1~45~~

) 2.182 22. 17 ?9.25 14~ 7~~~ ?‘~.#~W
25.00 4o .650 1~~130 2.200 2?.50 28.149 ~~~~~ 2~ .1C1

K (MSI):28.00 FTY (PSJ)~ 23m b’) ~fl: .30
~:1 000 P MI~ (L~S): 560 •0 LF: 10~O.0C

P ~~ Y (L~~): 7oit~.o C~’: 200 8: •
(~~ fl

HZ T HETA CYClES A ST~E0S K-.’- IAX Dk/~~ fl~LT P I

2c .Oo 6 .092 1 120 2.2114 22.7 7 ?€- .6S 0.0~’)0 0.C”1~)
2~ .O0 6~ .10~ 2~7140 2.277 23,°~ 20 .63 7.20140 2E. ’L7~2 .00 67.60~ 321410 2. 207 213.50 20.06 6 .20~~7 27. --‘p-
25~O0 6~ .92h 33340 2.1148 25. 44 5 30.55 ~~~~~ 27.~ 2 1
25.00 66 .3 137 1332140 2 .391 36. 1’) ~1.05 6. 9142(4 29.~~~
~5.00 6’ .552 4V~550 2.42 14 ?7. 19 2 1.72 ~~ • 0 - 40 ~~ ~~.

r 71
~.00 ~~~~~ C) 2.1424 2” .1~ 31.’2 ~~~~~ ‘~.0’~n1.00 6c .6f4 14255 2. 1455 2~ .911 12.~ 2 7.29~ 7 22 .14r 0
1 .00 ~14 .21Q 7130 2.14~R 2 .01 32.92 113.7201 ~0 • 0~~1.00 ~~~~~~ 10193 2.5~ 14 20.97 73. 5~ 1 1.€02~ 2fl .c- ~r

L 

2 5 9

_ _  - 

•
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‘ 

~~~~~~~ Jc~ ) k ~ 4

lIZ THET A CYCLES ~ STRF’SS K—MAX DA/D’J DFLTA K

~~

.00 3.527 0 2.r3 14 29. 07 33.55 0.0000 0.000

.00 2.797 41430 2. 70 31.00 313.22 8.2908 21 .1772 .00 2.121 8190 2. 02 31.9~ 314 . 85 8 .8111 11.77 5
2 .00 1.720 1 17140 2. 2~ ~2.55 25.23 5• 14 775 22 .240
2 .00 1.101 154460 2. 5~ ~3. Ll6 3s.82 7i~ P2 37~~~~Q

26 .01’ ~C .577 18710 2.676 14 .?5 3~ 7~ 147 ’ 7 ~~~~~¶ uc ~~ o 2 6~6 11 2~ 3~- 2~ ~1. CC 59 7 15 22 10 “ 715 25 5’~ ~~~~~~ 1~’ ~- 1~~0 2 ’)6
L~~

(
~ 5Q .P25 1411~ ?~~38 FM ~7 7 1  12.~~’~77 -

~~~: I4 ~~~1 . 2 -  SR . i’t ~~ 53 .‘~r3  7.1O 2~’. ~? ~~~~~~~ ~ i~~~’~7’

i . J 0  5C)J!~ 6 7L400 2 . 7 - ~ ~~~ 
;4~ ? - ~ q~ 1Z ~~~~~~~ 7~~

2’ . U )  “ .c’6 0 2. ‘f
~~ ~~~• ~ . ~ . ~~.

2 C .00 57 .  ~34’) - 0 ~~~ 17 ~~~. ~ ~~~~~~ in . 11 i~2 (r ~~r 1’1 C ) ‘~/) () 2 C’ ~4 “7 tmI ‘
~ “ ‘ 2’ 7 ~2’). ( CO ~~~~~~~ 7-~~fl ~~~~ ~~~~ 44 1 .0~ 1’ .’ ‘ 4 7  27~~ 4 ’ i

~~~~~ 2~.7( , ‘~~~~‘ ‘  2 .~ - 4 T ~~ ’- — i1 .~ ~~.‘-“ -~

2~.00 -~.1’2 -~~ ?.~ ~‘ 
-4 .1~, 4 11 .1’~’~) • C 1~~

~~~i )  .i ?~~ i2 111 Li 
~ 

‘

1.00 ‘~ i.47~ i?7~ ?. 9~~1 -~Li . ~~‘- ~~ ~~~ ‘fl . ’2~~-~ ~~~.i .’J ” ~~~~ 22~~ ?.~~ -7 /4 ’~~~~~ ~~~~~ ~~~~~~~~

1.00 ‘-~ . -~
- • 1 ~?1~ ~~~~~ .~~~~“ ..~ 1~~.C’7 :i .i~~~1 .00 ~~~~ ~ 
~~‘ lii fl~ 2 . ~ 4 1 • i~ 

‘
~ ~~~ • 

‘~~ T 
• ~~~~~~ .1 .~~~~‘ 

(
2 .C’) ~‘-7 . ‘ ~ 2.~ ~? 1~’~ 4~ 4Li • ~ .

~ .~~. 1 ~~ ~ ‘ i 4 - ~~~ ~ ~. 
- r i~ I.

~ ~~~~~~ ~ ~. 2~~1’ , : ‘C .i  
~~~~~~~~~~~~ ~~~~~~~~

- - .~ 7 i ’ . . 1~~. ’ -U 14~~. 7
- ‘ - .00 .~ - • 14’4 - -~ ~~~~~~~~~~ 1 ~~ 4 ~~~~~~~ m~ 7 -

~~~~~~ ~~~~~~ • ‘ 4 1i ~~~ 7 - 
~0 , ? ) ~~ )i 1d • J~ ~

i l l 1~’ 1 •~U ) . - 7 P ‘) ‘ , , - 4 4 - . ‘ • ‘ ~4 — ~ . 
‘U’

-. . - i f  • 
- C — • •~~1 ‘ ~ . -

I ’ -  • - -‘ - ‘:
•~~~~

- 
~,‘ ..r , 1’~’~. - ’~~’ • ‘~~.‘

1 .0)  ~~~~. -~~ -~~~ 2’-~~” ~~~~~~~ L7 ’’~ ~~•
-
~~~~ 

-
‘ 

) 4 7

( - “‘I~~:?~~.1~ fl T~ CP’ :~~ ~~~~ 4 -  ‘~Ij : .~~~:1 - ‘~ ~~~~~ ( [ n - ~~~-. ‘~ • 1) ~Y: 1 T .0~”
~~~ ~~~~~ ~t Y - ) :  1 1 . - - C~: 1 n  R:

- ‘ ‘4 ’ C CY1i’~~Y A ‘TLi! ”r ‘ ..,V 4 ~Y •1 ‘~~

— ‘4 C J  &4- L i ’  ‘ - ‘ ‘ 4 , 14 C . ‘j :  - “ -“ ‘4

~~ ~ T4 ’ 4~~ 1’i 4~? 
~ - : ~~~

- 
~~~~~~~~ ~ : l ,

~~
•- :~~

- -
~• .0i~ ‘ n . -  ~~~ •~~~~~‘) ‘.~ 6~~.7i r~j 4 rl~ ~~~~ 

-

Ii ” ‘
~ 2~ I L  1’1 

~
- ~ - 11 . “~ • 1 ‘~~ C’

- - 
~~~~ 

c~~ ~~~
- 

~~ - 
~~~~~~ ~~ ~~~~ ~~~‘ ~~~ ~
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c:• ~~- q

~ THF~T* CY2~’S A r~~~ ’- K-MAX flA/ ~~ D~~T& Y
‘~5 .O O 61.809 6110 3.317 69.~ 9 69.~~ZI ?9. 4 x ’ P  c~i4 rr ~~

1.0 0 61.809 0 . 1? 60. 0 çO ..,Li (‘~~ ñ’v - ‘~,o r r
1.00 51 .0 14 581 ~~ 1.. 4 61 .32 44 14 44 ; Q ’ 5c~~~~V4
1.00 60.220 1 U2 1. 7 . ~~~~~~ 47~ 7-i ( 7 

~7. ‘‘ ‘

1.0)  59. 5 13 14 1 1 1. ~ . ~ ‘-4J~f ~~~~ ~ . ~~ ‘

1 .01’ ~~~~~~ ,‘lN~ 3. 1117 ~( ))~) 
“~ . ‘)2 U5 . ‘ ‘ ~~~, ~is

4. ) .3C 5~ .~ 58 0 1.14 17 ~P .f l 2  
~~
‘ .02 (~. 

• - 4~~~ _’4 - -

25•n~ ~
-
~.2Q 1 3 z~7 ~~I~~~ Q ~~~~ ~2 ‘

~~~i I-I I1~2~ . 01 7~ ~~~~ 
,~~~

“ ‘
~~~l4’~4 ~~~ •~~~~ ~~~~~• ~i ~~~~ • 4 -

~
,0ç • ’~ n c~ .~~ ~~~ ~~ - ‘ A? , ~~ ~~~~~~~~~ !7. • 4 ,

• 
. 4  

~~ ~~~i4p ~~.. 
~~~~~~~~~ 7 ) • -

~ 
. 7) . C J .

- 
, 44 5 1,~ ‘4,~’. ~ - • ~ 1 II ‘ ~c•~” 4,~~ ~ 17t _~~~472 0 ~~~~ ~~~ ‘ , 14~~ ~~* • C 4 1  ‘ ~~~~~~~~

‘I . ~~ 14 ,
4 •~~ • 41 4 ~~~4 ~~ 7~ 4, 4~~ ~~~~ ib’

~~~ ‘~~t4 4( 4~~ • 
(~~~~~~~, 7 - ”~ j ‘~~ J i’ .. “4 “—~~ i ’ - . ~~~n

1 .00 ‘ 3 . ’ , ‘
~~ ‘ - ‘

~~~~~ fl C • 7~ , , 4  ,‘

~~ • ij I 1  ~
•1 • ‘Li ~~~~~ n~ j • 7 -  • ‘i . ~~~~ •~ -

~~~~~ 
r,~~~~ 4 1I ‘ ‘ 4’ 1~~~- 4 7  ) U 4 ~~ • ’4 7 0~~~O ~~~~~~~ ,~~~ • 

_ ‘ _ 7
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HZ THET A CYCLES A STRESS K— MAX DA/DN D’~LTA K
25.00 70.100 0 2.1148 20.0k 25.82 0.0000 0.000
25.OC 69.5~4~ 9330 2.185 20.65 26.27 2.9(4113 23.961
25.00 68.892 187140 2.226 21.37 26.79 13.50213 213.11011
25.00 68.lOr) 25930 2.277 22.27 27.142 6.9363 214.9314
25.00 ‘~7.315 33060 2.325 23.18 28.05 6 .6771J 25.5114
25.00 66.539 39200 2.371 214 .10 28.67 7. 14026 26.0P1
~‘~ .00 65. R6~I 1311780 2.1409 24.91 2(4.21 6. 827(4 26.625
2~ .0O 65.203 49880 2.4 14 5 25.72 2~.75 7. 194’4 27.125
2’ .0O 64 .4 52 514360 2.485 26 .66 30.17 8.092 5 27.~~’5Q
.25.00 6 3.803 5957 0 2.520 27. 149 30. 92 8.O 14 2R 28 .1914
0~ .00 67~ ~~~ 6655 0 2.588 ?9 .28 22.09 8 .6005 ?5 .c’~ 1
2’ .OO ~- 1. ”~C~

) 70160 2.61~ 20.12 12.63 9 .3936 20.771
5-C” . 00 ‘ — 1 . ~~~ 7~0?0 2.64- 10.70 33.07 8 .0070 20. 22”
75.00 ‘~- i •~ T7 7620 0 2.676 31 .82 2~ .74 10.8678 21l~ 72e

- - (  79100 2.708 32.80 ~13 .38 10.8079 21. 222

- -  
~~~~~~~~~~ fl 2.7- n 32.’P 34.38 0.0000 0. ’~~~?~~5 ?.7~~ 

2~~7(2 5. 02 11. 67 76 21 .020
I .C,u - 

~~~ 17 L ’L 7 - ~ 2.7~~ ~~~~~ 5,58 12 .5Lw~ 72 .44 7 11
1 .00 ‘ ‘- . ‘ ~~~

- 1,44 2.7 - “ •5 2  ‘~6 .1’ 114 .45~~’ ~2J’ 0~• .00 ~~~~
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4 ’~. 
W I~- o ) E ” 3

HZ THEFA CYCLES A STRESS f(-MAX D~/D~4 DFLTA K
20.00 65~3145 0 .178 54.62 148 .66 0.0000 0.000
~ 0.00 ~14 .1352 1490 .215 57.17 50.32 25.0323 45.52~0.00 t~2.71,1 27140 .2145 59.33 51.7? 22.761L9 146.04
20.00 63.069 3820 .270 51.22 52.914 22.01118 4~.111,
20.00 62.3145 13590 .297 63.40 544.311 ~~.2~ fl6 4 ..2c1
20.00 61.531 5610 3.323 55 ,57 55 .73 2S.17S~. 50.62 1

1.00 61 .631 0 3. 223 65. 57 55.73 0.0000 0.000
1 00 61 18’~ 623 3 13 66 1114 56 ~‘11 244 6~914 51 .6 ~1.00 60.5~’~ 1220 1.1~1 66 .110 ~~~~ 38.578 44 ~~~~~1.00 59.8~ 1 180 1 3.386 71.3~ ~0.314 132 .22 14 53.925
1.00 59.121 2375 3.40~ 73.52 60.71 38.514 14 2 55 .222

20.00 59. 121 0 3.40~ 72 .52 60. 71 o.oc’oo (‘8 .00
20.00 58 .~ ’42 760 3• 1435 76. 111 62. 148 36 .11553 56.66
20.00 57.~ 25 1?60 2 .44 514 78 .47 6 3 .744 27.75~2 58. 060
20.440 5 .916 1.~i3O 3. 1479 81 ,22 65. ’4O ‘4 .30 314 50 .hOl
22 .00 55.9~1 2310 2.503 8~4 .13  67.12 50.1550 0.~~~-6
20. C- ) 55 .304 2760 ~.510 86.20 5R •33 36.6~10 A2~ -20

1 .Cu 55. 2~ 14 0 2 .516 ~6 .2O 66. 2 3 0.0000 0.90-
1 .0~I 544 . 322 502 ~~~~ 90 .06 70A7 5~.3223 62 .o~~1.-JO 53.~~71 763 3.560 01.72 71.52 135 .9776 65 .3 614
1 .00 -

‘ ~. ‘0’ - Q~~4 2 .573 92 .53 72.5~4 57.24472 ~‘I~.2F- C’
1 .00 C’-~~.7’ ” 172’ 1. c ~~~~~ 73.~ F ~3 .o291 ~7. 2L- ?

2 6 4
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CYCL IC CRACK GR0W~H DATA
DATE- ~~~( 3 - 7 7  I . D.  NO. - ~~~~~~~~~~~~MATERIAL-4F(4,O 57€~~~t_TU~P. & EIN .- ~~~ 3.S 0/c~ 5~~LT Uj1’~
SPECI~€N TYPE— cT~ 0RIE’~’FAT I0N—

-~~~~~~~~ 

E (MSI )=2Ci .00 FTY (PSI): 2314000 NIl : .30
E~: .998 P MIII (LF~S): 560.0 LF: 10~1). 00w~ 4.94 P MAX (LRS): 7000.0 CM~ 500 R: .0)’~0 ~ , 3

~-‘,Z THET A CYCLES A STRESS K—MAX DA/0~ D~LTA ~
(

1.00 60.3~0 67220 1.555 13.9€- 21.46 0.0000 0.000
1.00 60.3oO 0 1.555 11.9~ 21.446 0.0000 0.0
1.00 59.758 ~4500 1.556 113 .�3 21 .714 6.9058 19.3
1.00 59.121 1379 7 1.619 111.60 22.014 3.14975 20.126
1.00 58.533 18599 1.6448 14 .91 22.22 6.172~ 20.14044

1.00 58. ~3 0 1.648 14. 1 22. 2 .0000 0.000
25.00 ~~~~~~ 81410 1.702 15.~ 7 22.~ 4 ~.339 0 20.772
25.00 56.97~ 15570 1.725 15.72 23.OR 2.33514 21.122
25.00 56.l495 23150 1.749 15.0(~ 2’~.32 1.0023 21. 2141
25.00 55.7514 31500 1.783 16.140 23.67 14.11’i~ 21.61 1
25.00 55.317 3 - 730 1.806 16. 6~ 22 .91 14 .2~s 11 21.~~’~25.00 ~5.

’317 0 1.806 16.6ç) 21.Oj 0.0000 0.000
1.00 ~

11.7!L 43 7 1.8 1 16.~ d 24 .Th 5.914~0 22.11~

~:88 ~~~ ~i i:d~ i~ :6~ ~~~~~~~~~ 3

25.00 52.blO 0 1.886 17.67 24 .77 0.000C 0.0~’8025.00 5~ .167 5580 1.907 17.94 25.00 3.6~95 22.~ 9~25.00 52. 544 3 10810 1.935 18.32 25.32 5. 14622 22 . 1) 4 9
25.00 51. 1)75 15200 1.962 1~ .70 25.67 6.6632 23 .1432
25.00 5i.~ 00 1O790 1.981 18.07 26.~ 14 4.2031 23. l~72

2~ .L - ~ 50~33C~ 214900 2 011 10 .4 1 76 .1(4 6.~~~ 05 2~ .P26
1.00 50.6~ 9 0 2.011 10 .111 26 .19 0.0000 0.0”8 0
1 .0-7 50.375 288~ 2.031k 10.76 26. 446 7.9077 2’4 .277
i.JC 149.070 5085 2.0~2 20.04 26. 6’~ e.2590 2)4 .411
1.00 49.560 7777 2.070 20.32 26.90 6.63314 2’~.t 1 4

25~00 149 .5~ 0 0 2.070 20.32 26.9Q 0.0000 3.0~~)25.00 ~9.042 4030 2.093 20.69 77.1~ 6.8000 244 .1~7
25.00 ‘~~.6~ 0 73140 2.112 21.00 27.41 5.6”00 25.11
25.00 44 ’ .1’4 0 10940 2.123 21.35 27.68 5.8650 25.2’>?
25.00 ‘47.635 111930 2.1~ 5 21.73 27.96 5.5”~t7 26
26.2) 117.200 17860 2 .1744 22 .07 2~ .20 6.471 0 25.~ 211

1 .0’) ‘4 7.200 0 2.171> 22.07 2~ .20 0.0000 0.0N7-
) J f l  446 .771 13’4 2 2.193 22.440 2 .414 1fl .11~4~ ?E.0~ 7

~Z r~~1A CYCLES A ST RES~I <~M AX P~/D!~1 fl~LT A ~
(

‘ i.oo 44 6.~ 8~ 14~ 2.2114 22.7 2 .~ 0.92’47 26.296
1. - - 1  4~~~7~ ~~27 2.222 23.1~ ?t~~ 10. 002 2 26 . 53 2
i.~ -o 4,.69 40~ 2.2~~ 23.27 29. 11.29~~c 26 .6 00
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CYCLIC CRACK GRO~.fr H DATA
DATE- 4 - I ~~ - 7 7  I.D. NO .-~~~~~J~~~~~~--6MAThRIAL-~~~F-~~ # 10  

~~~ 5 o*4 V.J~~4ev
SPECI~EN TYPE— C . T ~ 

ORIENTATION-
fL 

E (MSII:28.O 0 vri (PSI): 231>000 Nh: .20
B: 998 P MIN (LDS):2100.O LF: 1~XD.O0
1: 4.9~I~ P MAX (LPS): 7000.0 CM: 200 R: .300

HZ T HET A CYCLES A ST RESS K— MAX DA/DN D~iTA 1(

20.00 68.100 9260 2.275 23.97 2°.~ 6 12.5617 23.712
‘~O.00 67.072 19330 2.337 25.25 30. 44 6.1~ 6M 20.9
30.00 66.155 282~0 2~,390 26.443 ~1.21> 5.01420 21.5
30.00 65.298 36540 2. 1438 27.55 31.9Q 5.1678 2 .129
1.00 611.826 0 2.464 28.18 32.141 0.0000 0.000
1.00 63.988 ‘48~~ 2.508 29.32 23.16 9.0773 22.9
1.00 63.115 92014 2.553 3O.54 ~3.Q5 10.3189 23.24 -
1.00 62.256 13327 2.595 31.7~ 24.75 9.1976 24.0145
30.00 62.256 0 2.595 31.7c ~4.75 0.0000 0.000

20.00 61.321 5670 2.61>0 33.13 25.64 7.8936 24.63
10.00 60.708 10650 2.668 314.01> ~6.22 5.714~4 25.
30.00 59.886 15160 2.706 35.29 37.Q 14 23.28714 25.
30.00 59.121 19250 2.740 36.4~ 37.82 8.3003 2 .20
30.00 58.492 22800 2.767 27.149 28. 147 7.68111 26.70

1.00 56.1402 0 2. 6 .4 8. 14 0.0000 0.00
1:88 ~~~ ~~ ~~~~ ~:9~ ~~~~~ 2~:

1
~~

1.00 56.725 6276 2.~~1’1 140.30 110.36 12.77 9 2,.~30.00 56.715 0 2.5~l1 140.39 1>0.36 0.0000 0.00

0.00 56.099 2960 2.866 141.47 ~41.Q7 8.6760 28.500
0.00 55.3914 5750 2.8911 ~42.71 4 1.88 10.0028 29.021
0.00 5)4 .8514 8100 2.015 43.67 142.51 8.91453 29.~’32
0.00 54.095 10540 2.~~4I1 ~45.05 ‘42 .4 1 11.9019 30.070

,,0.00 53.499 124 90 2.967 146.16 1424 .14 11.5090 30.642
1.00 5 .49° 0 2.967 146.16 411.14 0.0000 0.000
1.00 5 .76~ 1513 2.9911 47.55 445.05 17.9206 31.21
1.00 ~2.476 2675 2.004 143.11 ~~~~ 0 .Ob14 1’~ 21.66.
1.00 ~2.010 2~~7 1.021 ‘49.02 ~4~ .Q2 1’

~.167l 12.004
1.00 51.’410 47~1 1.01>3 50.22 ~4 .d1 19.0668 32.L4~ 9

30.00 51. 1410 0 3.014 3 50.22 146.~ 1 0.0000 0.000
30.00 50.854 1670 1.062 51.3~4 117.55 11.7266 33.C2 14
30.00 50. 104 3190 3.0)3 8 52.90 14-~.57 17.1335 33.S’12

266.
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~~~~~AJ~~~~~r~- 6

dZ THETA CYCL ES A ST RESS K— MAX t~A/D ” 1 DEl TA ~
30 .00 49 .602 14500 2 .105 53.9 7 40 .27 12 .127 2 211. 2 1 -
20 .00 149 .107 5760 ~~. 1?? 65 .044 149.9c 1 ~. 30~~ ~44 .7~~~i3t .70 14~~.4450 6r’70 3 . ldL > 56. 44 7 50.91 10. 55~~ ~‘R .)1i

1 .U0 44 8. 1159 0 3. 1 1444 56. 117 ~~~~ o.OoOo n.or~1 .00 448 .01 3 907 3. 159 57. 117 51.57 1 .28-66 35.~ (’~
1.uO 447.510 165 5 2 .175 58.62 52.32 ??.075’~ 2~~. ) ’.2

1 .Ou 2~12~ ~~. 195 50.C6 53 .26 25 .’~1 ~~1.00 ~4 . >0~ 3114 3.2 11 61.22 514 .02 21. f l L [ )  
~~~~~

E (MSI1:28.00 E~rY (PSI):  23~ 1OO t’UJ: .

~~: 0(48 p -MI?~ (LOS):2100 U LF: 1~ m.( ’ ~1: ~>~~ ‘4 P ~“~Y CLPS) : 70~~ .0 C’~1: 10~’ ~:

rlZ 1 ifTA CYCLES A STRESS K— MAY DA/ P i r~Lits /

20.30 6L>~ 5Lfl - 0 2.211 61.22 5~4 .U2 0. 0000 Q. O’ ’
~0.0O ~2 .71 1~ 1690 ~.2LI44 62 .~ 3 55.71 1Q .~ o2? ‘-~.ft’~~0.00 62.97~ 3130 7.272 66.16 ‘~7.P2 1Q .708P ~~~~~ 244
10~.0C 62.211 ‘1500 ~.201 68. 644 C3~~1 20.9625 ~~~~~30.C0 6 1.5142 5700 3.126 70.~ 11 ~-0 .2 1 20.16~1 441 .6~ 7

~ C.00 (0 .~ 51 6670 2~~ 52 ~ .149 61.80 2~~~7°4 1~~~7211
1 .00 o0451 0 7. ~3 ~ .140 ~~~~ o.~ Cnç fl .ó0~~1 .00 60 . 17 675 . .96 62.L1 21.051~ H2 .~~44~1.1)7 5 9 .630 12-~i2 . 91 7.~ ? 6~ .29 27. 7 12~ 111J •~4~~1.UC ~~~~52 1905 3. 13 .~~0 65 .75 36 .2220 ~~~~~
1 .o- ~ 58. ~ 2’lll 2 .421 81. ‘) 67.03 75~ 14q94 Jj~~~~j~ 7I~
1.00 57.~ 5~ 2036 t444411 82 •~~)4 67.91 2’i .37 Q4 44 7 .2~ ’01.00 57. 2~1’ 3276 1.L162 86.32 F’~~ .111 20 .5C’~ 1 44 7 .”~~

~ 7• f ) 7  ~~~~ 
‘ 0 3.U~2 ~~~~~~~~ 

6O .19 C.~fl20 -7~ C~~~
~0.0-J 5i. 49~ Sb O 3. 44~~’ ~~~~. 0 71.15 3Q.r~017 111)•

‘- ‘.00 55.62c~ 1280 2 .51~ 01. ~5 7~ .09 44 1. 3257 ~~~~~~

~o.oo 55 .003 1750 3.520 94 .22 744~ 1 4 -~ 25 2021 51.~ 0~
~u. ’)0 54 .244 6 2250 3 .5~0 97.2 0 7F- . 10 111.2877 5) •7~~70.30 53. 721 2610 7 .5~ i4 00 .2& 77.3k 28 .72140 57 .7~ 3

1.00 5 3.721 0 3.5’D~ 00 .2d 77 .2~- 0.0000 0. -’Y~’
1.7- 0 53. 0 - ~ 323 2.581 101. 50 78.~ 1 40 .8974 5U .~ -~~~1.0’) 52.554 ~13 3.~ 914 103 .~ F 79.9~ 445. 7~~° 5~~~~77
1. ~L 52.117 o87 2 .o06 105 .51 ~1.05 44?.9 2~ 2 ~~~~~~1.Q0 51, ’ l lO 1 1514 3 .622 108.77 82.6~ 65. 14F22 ~~7 • 2 f l - L

1.00 50 .7o6 1396 3.~ 33 111 ~!4~ 514 • 12 ~?.5~h10 ~ - -~ .3~~~

2 6 7
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705 NOCKNILI. INTLRNATION AL LOS ANSELtS CM.IF LOS ANGCLE ETC F/S 1/3
LOWfl COST PT SUBSTITUTINS Still. FC~ T ITMdZt*I. AF1410 StCE1.—OET——ETC(U)
am 77 S C *0UTh F33615—75—C—3109

LmCL*SSIFICD RI/LA*D 1M 77”117 Afl04. —TR—77— 73 It
4w

U

_ M i -
END

DA T E

I ~~~77
DOC



CY(L IC CRACK GROWT H DATA

DATE- I -~~~~77 ~~~~~~~~~~~~~~~~~~~~~~~~~MATERIAL 4 F I Q - i O

SPECDEN TYPE- C~ T. ORIENT ATION-

E (MSI) :28.00 FTY (PSI) : 234000 Nfl : .30
B: 997 P P’!I N ( LRS): 1448.0 LF 10(0.00
4 4.g’~ P MAX (LBS)= 5600.0 CM: 500 R: .0~O
(MSI):28.00 rrY (PSI): 2311000 NU= .30

~ 997 P MIN (LBS): 4148.0 LF= 1000.00
W: 4.94 P MAX (LBS) 5600.0 CM: 500 R: .080

HZ FHETA CYQ~ES A STRESS K—MAX DA/D~ DELTA 1<
30.00 62.616 61860 1.~4314 10.33 16.37 23.1838 7.528
30.00 61.365 981450 1.501 10.80 16.51 1.8296 1~.2591.00 61.454 0 1.1496 10.76 16.77 0.0000 0.000
1.00 58.952 50390 1.626 11.75 17.70 2.5693 15.85Q
1.00 57.057 95390 1.720 12.55 18.1414 2.096~ 16.625

1.00 55.162 121218 1.812 13.1W 19.20 3.51J33 17.311

E (!iSI):2?3.00 L1~Y (PSI): 2311000 NU: .30
B: 997 P MIN (LRS): 14 148.0 LF: 1000.00
W= 4 .gzi P MAX (LBS): 5600.0 CM: 200 R: .080

UZ THErA CYCLES A STRESS K-MAX DA/D~ DFLTA K
0.00 74.570 0 1.801 13.30 10.10 0.0000 0.000
0.00 73.196 27790 1.91f~ 14.47 2~5.10 11.1 365 1 .033
0.00 71.841 63770 2.020 15.66 21.06 2.9122 i~ .°~60.00 71.119 79530 2.073 16.31 21.57 3.31132 i~.~ 120.00 70.100 9’1640 2.1~lI4 17.25 22.28 4.7117 20.170

30.00 69.4911 105950 2.185 17.83 22.70 3.5886 20.~~’~1.00 69. 4914 0 2.185 17.83 22.70 0.0000 0.000
1.00 67.805 15375 2.292 1~.LI7 23.86 6.9731 21.111
1.00 66.155 30672 2.389 21.111 25,00 6.3 111111 22.147
1.00 6~4.733 41204 2.467 22.65 26.00 7.11392 23.11 61

0.00 511.733 0 2.’467 22.65 26.00 0.0000 0.000
0.00 53.069 13430 2.554 211.148 27.20 6.11182 211.475
0.00 6�.076 20290 2.60~ 25.61 27.94 7.1351 25•~~5L
0.00 61.277 26690 2.641

k 
26.55 28.55 5• q~ o’~ 2c.~~

Q
0.00 60.317 32010 2.685 27.70 29.30 8.357Q 26.6111

1.00 60.317 0 2.685 27.70 29.30 0.0000 0.0(V)

268
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__

/~~~~I~ ~~O R

HZ ri-igrA CY~1ES A STRESS ~(—MAX DA/1V~ DELTA V
1.00 5d.&Sd (~Ll87 2.750 29.51 30.U~ 9.Q~57 ?7.14~1.00 57.3~1 11982 2.81~ 31.1414 31.7~ 11. ’4~ E~ ?~ . f i
1.00 5S .9~1 1614314 2 870 3~3 34 ~2 ~7 17 7~70 2~1 71~1t
30.00 5S.9~1 0 2.8t0 ItIJI ~2.4? O.o6Oo n.noo30.00 55.3911 2260 2.893 3~.15 ~~~~ 10.2630 3fl.~ P 1
30.00 514.778 14520 2. 17 ~.014 314.0k 10.613~ 31.0°~30.03 514.095 6~140 2. 143 ~.03 111.714 11.2 )4 ~ C~ 31. 6~~3~.00 53. Lt~ 9 8900 2. 66 6.92 35.12 10.6C)~,S~ ~2.22630.00 10860 2. ~ ~.81 ~5.O0 11.11 ?7~ ~?. 7’S~1.00 52. 11 0 2. ~ - .H 5.~ 0 0.00ft~ 0.~ 90

1.00 5?.1d ’~ 1~~ 3 3.01 14 ~~~~ 3f~.64 19.7520 ~~~~~1.00 51.e,2~ 26~8 3•Q~ 11 ~~~~ V •~~3 1~~.14~ #c~ • O?r~1.00 51.0r~2 3965 ~~~~ ~~~ ~~~~ ~~~~~~ 3~.5?c

~~ 3:8~ ~~ ~~1.0u 149.30 14 7375 3.115 4 6 ~ 39.76 1~ .614 5 ~( 772
30.00 119. 3014 0 3.1 15 1I~ •6~, ~~~~ 0~fl9(~’~ ‘\~~)0
30.00 14~ .652 1370 3.1~ 6 14) 1 .82 U0.51 16. flflQ7 3~ .9?
30.00 1I~ .1140 2560 3.1~~ 145.74 41.11 1Li .~~10o 37~5J i
j O. 00 47 .635 3620 3.176 146.66 111.71 15.6507 3~ .101
30.00 147.139 14670 3.186 U7.~~ 112 .~ 2 15.~ fl 71 ~~~~~~30.00 146. 1459 ~760 3.208 148.~ 5 11~ .•~5 1q .1F~ 2 ~~~~~30.00 14 5.b13 ~830 3.229 50. 13 43. 07 10. 476k- !IC) .675

E (:~SI) :2~ .00 FTY (PSI)~ 234000 ~J: .30
B: 997 P MIN (LAS): 4148.0 F: 1fl~D .00
4: 11~~ 14 P !IAX (L~3S): 5600.C (~“: 100 R: .0~ 0

HZ T~EFA C~~~~S ~ STP~SS K—~ 4X PA/DM D~LT A ~
30.00 52.978 ~o6o .272 52.92 145.7R 1Q .~~14r 141.2~30.00 62 . 166 161400 .302 55.03 1l7.1~ 22.~726 ‘42. Pj O.OO 5 1.4 54 11614 0 .328 56.90 14~~~33 20.715’2 143.9T
30.00 60.66 14 12900 .355 59. 02 140 .57 2 1.8~ 114 Lj5• r~730.00 59.972 13970 .770 66.91 56.85 2 1.P7 17 146.2~7

1.00 5° .072 0 3.379 60 .01 50. 85 0.0000 0.000
1.00 5~ .�90 725 3. 1101 62)~0 S2.0~ R(’ .0?711 147.323
1.00 59.~~3~ 153~ 3. 1425 614 .93 5 1 .311 29.~ 000 148. 146Q
1.00 57.~ 7I 2185 ~ .141I 6 66 .89 5~ .50 31. 111185 149.6( 1
1.00 57.138 258b 3. 146R ~~~~~ 55.79 31.5~ 71 50 .7311
1.00 56.336 314116 3.1492 1. 4 57.21 111.914~1 51.~ 8330.00 56.336 0 3.1492 1. 11 57.21 0.0000 o.OoO

30.00 55.667 770 3.511 3. 6 58. 141 2 14.8083 53.1t~730.00 55.008 1~ 90 ~.529 5. ~ 50 •50 35.~ 0E6 514.Z~30.00 514.2146 1~140 3.550 7. 5 60.9? 37.61480 55.145

2 6 9

_________________ _.



HZ TH~~A CYCLES A ST RESS K~MAX DA/D’J DELTA K

30.00 53.721 2250 .5614 79.142 61.92 311.0312 5~ .528
30.00 52.836 2500 .587 52.27 63.53 111.7211 57.70

1.00 52.838 0 .587 62.27 63.53 0.0000 0. O0
1.00 52.159 351 .603 814.40 611.72 146.8718 58.09.
1.00 51.550 67’4 .619 86.514 65.90 119.01499 60.685

1.00 50.923 932 3.6314 88.67 67.06 14~.5715 61.lcQ
1.00 50.307 1256 3.611 0. 9 68. 0 3.7382 62.219

1:88 ~~ 1~1~ ~~ ~~ ~~

270
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CYCLIC CRACK GRO~i~H DATA
~~~~~~~~~~~~~~~~~~ I .D . NO. _ A vJ !~~DO- ’ I
MATERIAL—~~~ ’ ~~~~
~~~~ & EW.- -~~S, (.k~~ •4l~~SPECINEN TYPE- c.r. ORIE NTATIO P4-

(
~L A N e  sT I~~~ss

E (M.Sfl=30 60 FTY (PSI): 2110000 I(J: .~~l)E~ 9’Th P M I N (LPS) : 320.0 LF: 1~)O7 .0C
W: 11.94 p MAX (L!3S): 11000.3 C’: 500 ~~: .fl~ I)

HZ THETA CYa.~S A ST RFS~ ~~~~~~~~~~~ rA / !~! F8~Tj r~ ~
30.03 5~~~17 507650 1.75~ 9.20 1 • ~~ 0.00~~ 0.000
~O.00 5d.61? 5fl76~0 1.75? 9.20 ~~~~ 0.0000 fl.(~fl0
~0.0O 57.~2~ 5~~050 1.h07 Q.53 1~ i7 .‘~~V’ 12 1141
0.00 Sb. l~ 6502&3 1 ~1l7 981 13 91 6(~’~ 12 ~~~~~~
30.00 ~~~~~ 703630 ~~~~ 10.15 111 .20 ~~~~ 12:131

~U.’)0 5~4 .816 767170 1.9113 10.53 1~
i .5~ •7r2 ) ; 13 .2 10

10.00 53.945 525000 1.90~ 10.86 111 .7’~ .70146 ~~~~~
~0.03 ~2.9~4 9~1O 2.02~ 11.24 15.O~ .‘i?5 1~1 .7~~0.~)o ~~~~~ 93 00 2.0714 11.65 15.140 .~)-~2fl 114.020
~0.00 51.276 ~6700O 2.105 ll .9J 1 15.€2 •q635 1H .2~7

30.00 50.3Q7 1009730 2.148 12.35 15.93 1.0~ 1J0 1~~~~11
~C.03 14QAbg 10144280 2.1~ 1 12.6~ lt .17 .00211 lil .7 f 2
jO.C1) 4~ .°12 107142~0 2.210 12.Q~ 16.38 .6~s011 111.~)7~30.00 1I7.~~1U 1128220 2.2L0 13 .614 1~ .85 1.1~ ’~ 15. 2’~30. ’)O 14o.110 1 175710 2.3j0 1~L34 17.34 1.250~ 15.72~
30.00 114.772 122247C. 2H~7 15.05 17.~ 2 1.2fl7R 16.171

£ (4SI):30.~~C FlY (PSI): 240009 ~fl= • 20

~ 9~~ 
f) t~~~~~ (L~fl: 320/~ (Y: 1~ CP.0’~~~ 14 • Wt P MAX (LRS): 4000 .0 ~~~ 2’~O F:

~~ r~~ r A ~ CYQ~~S A STRESS ~ _ M’~~ C~ / T) 1~i fl •1TA V

~0 . J 0  6~ .051 12221470 2.38 ’s 15.05 17.~~1 0.0000 0 .i~C~
~0 .Gc ~~~~~ 127c550 2.~16~ 1~ .1~) 19.52 1. 1I~~~6 lf .711
~0.0~

) 
~~~~~ 131~ 100 2.52~ 1~ .Q7 10.09 1.~I130 17.~~30 .00 64. 359 135j 170 2.59? 1 .10 19.~ 2 1.65Y7 ~~~~~~jO .00 63.2~2 13~6890 2 .64~ 19 .07 20 .11~ 2.0110 1- .~~2~’

30.00 62.25 ’> 11411 5~ C 2.696 1(1.97 21.04 1.9517 i~ .0~2
~~.00 61.277 1~1335~0 2. 7 141 20. 8-i 21.63 2 .07~ 1 1Q.~~2 1
~~~~~ f~O. 114 4 11l~~ 000 2 .7Q2 ~~~~~ ??.~~‘: 2. 36~~ 20 .2
• L . j C  ~~~~~~ 1J4~ R2°0 2. ’-~26 2 ’.7 2.~> . ~ ‘.~~1~ 0 20. 7~ r
~C .U ’)  56 .~~ .7 111833 10 2. ’-~E -  2~~.75 23 .5C~ 2.~ 25Q 21.~~1~

2 7 1
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A ~I VJ~ ~ O-  I

HZ THETA CYCLES A SrRESS t (—MAX DA /fl~J F)FLTA ~
30.00 57.309 1LI(*f~50 2.912 214.ME~ 21l .2~ ~.2~S06 2 1. 0511
~ 0.00 56.31n 15044b10 2.9~0 25.89 211.91 1.1231 ?2.~010.00 55.1~1? lclhl ’10 2 4~1 26.~~ 25.53 ) 140744 21 201
0.00 ~l4. 1473 15271470 3.OPfl P7.9~s 26 .2R U .or~n6 ~~~~~~~~~0.00 53.573 1535560 3.053 P9.014 26.97 II .C’~ R 21)~~11~~~

30.00 53.057 15141710 3.072 29. 66 27.38 3.O°17 7’ .fl(’ i
~ 0.00 2.117 1~ 486 20 3.105 30.81 2~.114 11.7757 ~5~~370.00 0.2 143 15611~O ~.168 ~1.72 ~~~~ ~ P3

0.30 143 .7 110 157 10~ fl 3.2~~ ~~. ?— 31. 14 1, .6 fl1I 4 77. Ql lr .
30.00 47 .2~2 1579750 ~.2 37 .3~ ~~ • 1I7  c .I11~ 5 20.1(12

0.00 4 5.9~ 1 15~6~40 3.~ 03 30 .30 3~ .6’; 5.~ 200 3C.~ 9~30.00 1411.14b1 1592~ 10 1.114P 111.73 ~S.1C 7.2902 11.66~

~ (~ SI)=30.60 ETY (PSI): 214(X~00 lU: . IP
~: 99~ P VI~ (195): 320.0 LF: iOrn. oo
= I~.9L4 P MAX (LOS): 4r~rn. n C’~: l Ot) 1: .[~~P

-~Z T~~T4 CYaJ•~S A ST RESS K_ ?.4AX fl~/i~ ’ P~’LT~ .
~

30.00 62.7)7 15Q26 10 3.356 142.14 15.146 0.0000 0.000
30.00 ~1.54~ 15~~S00 1.1400 1414.72 ~7.07 7.flr~3c ~~~~~3C .OO h0.~~)7 160~ 76n ~.~I40 147.31 ~ .56 ~.16’~f ~~~~~~10.03 5~ .6oc . 160~ !fts0 ~ .11~~6 sO.146 110.~~ 9 .57~~lI 36 .4~i?3c.oo 57. ’)12 ml 1970 1.514 52.50 ~4 1. ,2 P.1244 37 P~ 7

~0.0C 56.735 1t ~114°70 3~ 5117 55.28 14~ •39 11. 1571 ~~~~~~C. 1c’ 55.~472 15i7 .~140 3.~ 62 58.25 145.08 11.~ 11~° 40 .605
30.00 54 .5) 1 1620014 0 3.607 60.56 IIc .37 11.~~01 142 .06
30.00 53.1492 1621970 7 .53~ 6~ .15 147.79 13 .6776 ~l3 .31
30.00 52 .2~0 1523?70 1.662 6~ .?P 40. 142 16.1614 1411.7 1

~0.30 ~1.~ 05 162~ 110 ~~~~~ ‘S~~. € 8  50.11 14.4 ~R 1 46 .0~0
0.03 11~~~~73 1626050 3.7 1g . 72.25 52.~ 4 18.3~07 117 1497
0.00 49.272 i 0270h0 ~.730 7 14 .1 7  ~ 3.50 15.P71 44.(.77~30.OC 14D.2 57 1t ~2~CC0 3.7~ 1 76 .94 ~~~~~ 2O. 6’I~7 ~l° .-’52
30.00 147.3~o 1(~2°74fl 3.770 70.52 c6.0Q 211.7990 51.fl!!7

2 7 2
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0 (

CYCLIC CRACK GROWF H DA TA
DATE— 3 —~~ —~7 7  I .D . NO. — DI
MATERIAL-~ Ff4 io 51€~~L ..).~~~LD
TEMP. & E4 N . - e.t -U.Ri3 4u~SPECIP€N TYPE— C. T. ORIENTATION—

PLAN~~~~~~~T e E S S

E (MSI):28.OO FlY (P51): 2314000 NIl: .30
B: .595 P MIN (L8S): 360.0 LF: 1C) (X) .O0
W: 5.00 P MAX (LRS) : 115(0.0 C?~’: 200 R: .0~ 0

HZ T~iE~A CYCLES A STRESS ~~~~~~~ D~./D~ DFLTA

0.00 ~6.°26 °c7°10 1.°141 19.2~ 214.22 9.0°00 0. 000
0.00 ~5.~~82 1ó~b~3O 2.622 20.5g 2~.2l 1.1175 22.7~60.00 ~4.j7~ 1110 70 2.102 21.35 26.24 .~ Q214 23.6F~30.00 62.8~~ 1189720 2.171 21.06 27.19 .972~ 24.57F
0.00 61.101 1230260 2.251 24.90 28.51 1.~32RLt 25.624

~O.00 59.4459 1273030 2.3140 26.146 29.74 2.3255 26.19(
~O.00 56.03o 1301070 2.1105 27.95 30.82 2.31145 27.059
~O.O0 ~6.8T5 1318910 2.458 20.26 31.76 3.OO1R 28. 8
30.00 ~5.317 1333990 2.522 30.914 32.02 11.2038 20 .
30.00 511.2145 1311D70O 2.566 32.18 33.77 2.73~5 30..
10.00 53.057 1 55220 2.613 13.~0 114.7~ S.005i 11.5~~30.00 ~‘f.q?~ 1 e14110 2.65c ~l1.~~14 35•~~ 14.71~~ ~~~~~30.00 50.943 1 71170 2.693 16.ig ~6.414 5.30~8 ~1.114010.00 ‘19.070 1 77090 2.731 17.514 37.32 6.145~3 31.Q32
~0.OO 148.912 1 82580 2.770 38.97 78.25 7.0717 114.7~5
30.00 147.386 1387150 2.8214 141 .114 39.611 ll.9 °Ql 35.8337’
30.00 ‘47.130 1391250 2.~ 33 ~4 1 .’51 3~

).~ 7 2.1~~3 36.57~ ~30.00 45. 172 1308800 2. 002 1414 .51 111.77 9.032 ’~ 37~~5
30.00 411.433 11401580 2.927 145.69 42.52 9.1171 3P.77

E (MSI):28.00 FTY (PSI)~ 234000 MU: .10
B: .595 P MIN (LRS)= 160.0 LF: 10(0.00
14: 5.00 P M~ X (LBS): 115(0.0 CM: 100 R: .O.~O

HZ THETA CYCLES A STRESS K—’~AX DA/DN DFLT!1 t

10.00 62.79 11401580 2.935 116,06 142.75 0.0000 0.000
10.00 61.27 11406920 2.996 449.18 144.60 11.5532 4fl.2~210.00 59.844 11411050 3.052 52.21 146.5~ 13.13’l~ 0l.0~5
~o.0o 58.82 114 114200 1.030 514 .46 47.95 i1.8RO~ 143.11 c 14
~0.0O 57.66 11417010 3.130 57.06 ‘49.56 1~4.6 14 5~3 JJ 1J .’~544

30.00 56.575 114191140 2.167 59.59 51.10 17.5420 146.~~C3
10.00 55.1472 1421270 1.204 62.22 52.71 17.1675 ~47 .75~30.00 54.322 1423090 3.24 1 65.05 514.1414 20.29f9 119.2~

Q
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F _ _

HZ THEFA CY~~FS A STRESS K~MAX DA/Dri DFLTA 4<

0.00 53.351 11424710 3.271 67.51 55•04 1P .7075 50.773
0.00 52.2b0 1426100 ~. 304 70 .36 57.67 21.~~ 15 52. 25’s
0.OC 51.270 1427250 1.3311 73.0~ 59.2<) 25.5250 53, 801
0.00 50. 104 1428350 1.168 76.2~ 6 1.26 30.6R2~ t5• 14~’~0.00 149.239 1~429220 3.392 78 .78 62.77 28.1608 57.0~ 3

0.00 L 16. t159 1430000 3. 4 14 6 1.OQ 64 .16 p7~ 53l 4~ 5R.38~0.00 47.57 1 114~0660 3.438 83.79 .5 .79 16.7 0C* Sq.?7Q
0.00 145.696 11112030 3.488 ~r1.80 69. 110 16.6002 62 .185
0.00 414.209 1433010 3.527 94.86 72,43 19. 1I?36 65 .239
0.00 ~I2.350 V43~780 3.561 90 .74 75.3 14 444 .8761 A7~970
0.00 4 1. 1157 14111450 .596 105.03 76.’47 51.°~31 70.~’~ 30.00 14Q.089 1’115020 .630 110.5~ 81.72 ~~.PQEQ 71)07
O.OC ~~.66 0 1415550 .66 14 116 .h 1 85. 11 65.l6 14~ 76 .~ 2~0.00 ~7.718 11415910 .687 120.89 87.19 62. 14734 10 • %3~
0.00 35.6~~ 11436240 ~.711 125.73 00.61 73.64140 82.06

30.00 3c.M10 11136510 3.732 1~0.Ol~ 9~ .1L~ 76.71t6 ‘4 .525
30.00 jIL l l6  1~i~693O 1.771 110.00 93.27 92.P7o6 ~~ .fl145

2 7 4
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CYCL IC Ci~PCK GR0W~H DATA
DAT E— 3 — 2 - 7 7  I .D .  NO. — Q2.
MATERIAL — AFI4 Io .STE&~L w6~.pT~~P. & EW.- ~.T - L 4 8 A-’~SPECDEN TYPE— ~~~ OR IEN TAT I ON—

~ (MS I):28.0O F~TY (PSI): 234000 NU .10
i’: .505 P ~~~ (L~ ~~~.0 L~: iO~~.oo4: 5.01 P ~ 6X (LP~ ): 110(0.0 C~: 200 8: .O~ C

~Z T UFT A CICLFS A STRES~ ~—‘~A~ rA /r~’ 1~ LTA l(

~0.00 51 .621 7821100 2 .67 14 11. 30 ‘1.99 0. O~00 0.000
~~~~~ 0.~~11 - 92079 2.716 ~~~~ 12. 3 4~ 2414 29.72~
~0.O0 ~0.~ O4 ~O1340 2.761 ~4 .10 14 .~ 26~ 20. 53~0.00 4P•3~ l ~0879O 2.796 15.30 1&’J~ 44.753~ 11.~ 2~io.oo 117.3~ 5 815~ 30 2.~ 31 1~ .51.I 35. ?~ 5.~I~ 71 32. 01411
10.00 L~6 2~ ° R23 160 2 ~j 6° 37.95 36 12 6 3~i17 1? ‘~22
~O.O0 145.172 ~2h°9O 2. 00~ ~~ j 46 ~~651c 3’~~~230.00 44 .209 83160 0 2. 04 1 110.16 37.96 ~.P679 ~ !J •5 2 4

E (K~I) :28.OO F’TY (P SI) :  234000 ~~~~~ .30
3: .5~~ P ~‘I ’i (L0S) : 32~\O LF: 10(0 .O(~
~~: 5.01 P ~~tX (LP ’) :  140(0.0 C~: 100 R: .O~ 0

‘
~ r~ rr~ C?CLI~~ A ST fr~~E .4 < k’~~ rjA/D~ P!~LTA ‘

~0.0C 62.706 ~316O0 2.0414 131.C~ 
31.06 0.0000 0.000

30.Oc 60.~ 26 840760 3.016 144.2~ 140.02 8.0151 35.9~ fl
30.00 59.~ QO ~ 4722’) ~~~~~ ‘17 ’4 -; 42.02 ~.~ Q21 ~7•77~30.00 ~7.2 ~ 3 ~;5~~ 90 3. 126 5(’J’~4 42 .65 9A760 19.1i’~O3C . C J  5F .7j 5 ~-5 67’~0 3. 1~~ 52.5~ 115.18 0 .0 145 ~0 .~~f 0

~ ). 00 ~5.162 ~609~0 1.22 1 55.~~7 117.22 12.5025 142.501
lo.uo 5~~~~33 8641~~ 1.262 5~ .~’0 49.01 12. 0752 144. 26~10.00 5~~.693 8~’64~ 0 1.298 61.141 50.60 15 .5556 45 .0 1
30.00 51. 4 13 869C~ O 1.336 611.’l5 52.411 1~ .~ O12 47• 39
30.00 50.307 d70620 1.368 67. 17 511.09 1Q .o972 4Q .~~O5

~0.0O 14 Q . 17 R ~72R 8O 3. 1101 70 06 55.814 10.07140 50 568
30.00 48 .103 ~7112io 1.430 ?2 .8;~ 57~514 16.1146 ~~.ic
~0.OO ‘47.386 8757140 1.450 7’4 J~5 58.73 12.8098 ~ 2 • 4~~
10.00 45.462 873510 ~.501 80.35 62.011 18.~ ?00 ~~~~~
~0.OO 414 .829 8791190 3.518 82.25 63.18 l6.~ 7~4 57.500
30.00 43.603 P.61160 3.549 86.06 55.45 18.8011*3 5°.l~~30.00 41.3U 8~ 3120 1.595 91.96 b . .96  23.01111 61.9~ 0
30.00 ‘ll.OSo 88180 1 ~.511 944 .57 70.51 27.~ 919 64 .1~~30.00 39.525 884950 1.651 100.15 73.81 32.62T 5 66.~~ 6

275
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CYCL IC CRACK GROWT H DATA
DA E- 3-~~ - 7 ~7 I.D. NO.- ~~~MA~ ERIAL_ I~f - I 4 .~o ~T~~1!L -
T~4P . & EW .- ~~~~ - L F~~ ~~~~SPECIt~EM TYPE — C.T. ORIENTATION-

E (MSI) :243.O0 ETY (PSI): 2311000 ~fU : .30
P: .595 P 91W (LBS): 320.0 LF: 10(0.00
W: 5.01 P MAX (LOS) : 140(0.0 Ci : 200 B: .0 ’~0

HZ THEF~ CYCLES A STRESS K—MAX r ;A/fl~ DFLT!~ ~<
0.00 69 .796 217560 1.75’4 114 .96 1q. A 6 0.9”~flC 0.000
0.00 68.103 3142700 1.970 16.25 20.75 .°307 1~ .5~60.00 66.1~~ 11~717O 1.9Q2 17.7~ 22.01 1.2919 iq . 66~0.00 614.14~~ 517290 2.091 19.1~ 22 .12 1.22 ~~ 20. 7cQ
0.00 62.797 603660 2.180 20.54 211.20 1.o1”S 21.760

0.00 62.7~ 7 603660 2.180 20.514 211.20 1.03118 2 1.7’ ”
0.00 ~1.014 626510 2.270 22.08 25.3~ 3.9~ 30 22•~~~~ C ~~
0.00 oO.015 6~ O0O0 2.318 22. °7 26.04 1. l4~ 911 21.E~ 2
0.00 58.2814 69b~40O 2 .390 214.56 27.20 2 .0~Th9 214.1101
0.00 56.976 723370 2.456 25.80 2 .00 2. 31~4 P5. !P~
30.00 55.394 71414270 2.524 27.37 29.18 3 21Q 1 26 .~~”U
30.00 54.096 759000 2.577 28 .7w ~0.0’) ~.6161 27.~~~52.802 7g 1314 0 ~~~~ ~U . (Th ~1.Q2 ~.97Q~ 2~.11~O.0( 51.656 7~2~4O0 2.o73 ~~~~~ 31 . r 7 11.245. ~~.029

2 7 6

~~~~~~~~~~~~~~~~~~~~~ ~~
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

IfZ THETA CYCLES A ST~~SS K-MAX DA/O N DELTA K
30.00 36.217 86573) .682 105.22 76.76 140.4126 69.?
30.00 3b.6~~ ~M6~30 . 19 1i~ .5~ 80.~ 6 44

~
.2
~
J6 72.~

~~~~~~~~
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CYCLIC CRACK GROWTH DATA

DATE- ~ -~~- 77 I.D . NO.- D3
MATERIAL- / 1F14 10 51~~~~i . -
TEMP.  & ENV .- ~ . 1 - 5#j i T  uii rEe
SPECIMEN TYPE- ~~~~ ORIENTATION—

PLP~r’~E ~~~~~~~~~

E (MSI)~~28.0O FTY (PSI) 234000 NU * .30
B— .584 P MIN (LBS)= 400.0 LF 1000.00
W— 5.00 P MAX (LBS)= 5000.0 CM— 200 R~ .080

HZ THETA CYCLES A STRESS K-MAX DA/DN DELTA K

30.00 68.893 67970 1.789 19.61 25.50 0.0000 0.000
3 0 . 0 0  6 7 . 5 1 0  95930 1 .881  2 0 . 9 4  2 6 . 6 2  3 .2 7 8 8  2 3 . 9 7 5
3 0 . 0 0  6 6 . 3 4 7  118230 1.9 5 4  2 2 . 0 9  2 7 . 5 7  3 . 2 5 3 5  2 4 . 9 2 7
3 0 . 0 0  6 5 . 2 0 3  138290 2 . 0 2 1  2 3 . 2 4  2 8 . 5 1  3 . 3 7 3 8  2 5 . 7 9 5

1 . 0 0  6 5 . 2 0 3  0 2 . 0 2 1  2 3 . 2 4  2 8 . 5 1  0 . 0 0 0 0  0 . 0 0 0

1 . 0 0  6 4 . 1 7 3  12250  2 . 0 8 0  2 4 . 2 9  2 9 . 3 5  4 . 7 5 2 6  2 6 . 6 1 5
3 0 . 0 0  6 3 . 0 2 4  15180 2 . 1 4 2  2 5 . 4 9  3 0 . 3 0
30.00 61.809 29830 2.205 26.79 31.31 4.2944 28 .339
30.00 60.664 43560 2.261 28.04 32.26 4.1402 29 .240
1.00 60.664 0 2 .261 28.04 32.26 0.0000 0.000

1 .00  59 .417  10446 2 . 3 2 1  2 9 . 4 5  3 3 . 3 0  5 . 6 9 8 7  3 0 . 1 5 8
1 . 0 0  5 8 . 4 5 0  19314 2 . 3 6 6  3 0 . 5 6  3 4 . 1 2  5 . 0 2 7 6  31.015
1 .00  5 7 . 7 0 7  25900 2 . 3 9 9  3 1 . 4 4  3 4 . 7 5  5 . 0 7 2 3  31 .681

3 0 . 0 0  5 6 . 4 5 6  11460 2 . 4 5 4  3 2 . 9 5  3 5 . 8 3  0 . 0000  0 . 000
3 0 . 0 0  5 5 . 6 6 7  18700 2 . 4 8 7  33.93 36.51 4.6356 33 .276

30.00 54.702 25070 2 .527 35.16 37.36 6.3086 33 .982
3 0 . 0 0  5 3 . 9 4 5  30680 2 . 5 5 8  36 .14  3 8 . 0 3  5 . 4 9 5 5  3 4 . 6 8 2
3 0 . 0 0  5 3 . 2 0 4  35500 2 . 5 8 8  3 7 . 1 3  3 8 . 7 0  6 . 1 6 8 9  3 5 . 2 9 9

1 .00  5 3 . 2 0 4  0 2 . 5 8 8  3 7 . 1 3  3 8 . 7 0  0 . 0 0 0 0  0 . 0 0 0
1 .00  5 2 . 0 4 6  3976 2 . 6 3 3  38 .71  3 9 . 7 6  11.4324  3 6 . 0 9 4

1 .00  51 .410  7128 2 . 6 5 8  3 9 . 6 0  4 0 . 3 6  7 . 7 7 2 3  3 6 . 8 5 5
1 .00  50.717 10127 2 . 6 8 4  4 0 . 5 9  41 .01  8 . 7 9 4 5  3 7 . 4 2 9

3 0 . 0 0  50 .717  0 2 .684  4 0 . 5 9  41 .0 1  0 . 0 0 0 0  0 . 0 0 0
3 0 . 0 0  4 9 . 9 7 0  3730 2 .7 1 2  41 .69  4 1 . 7 3  7 . 5 1 7 3  3 8 . 0 6 0
3 0 . 0 0  4 9 . 1 7 3  7050 2.742 42.88 42.51 8.8836 38.748

30.00 48.395 9670 2.770 44.08 43.28 10.8471 39.463
30.00 47.604 12300 2.799 45.33 44.09 10.8481 40.190
30.00 46.955 14590 2.822 46.39 44.76 10.1168 40.871
1.00 46.955 0 2.822 46.39 44.76 0.0000 0.000
1.00 46.169 1711 2.850 47.70 45.59 16.2076 41.564

1.00 45.49]. 3299 2 .873 48.86 46.33 14.9250 42.285
1.00 44.971 4668 2.891 49.77 46.90 13.1718 42.888
1.00 44.321 6134 2.914 50.93 47.64 15.2884 43.489

E (MSI)—28 .eO PT? (PSI)— 234000 Nt). .30
8— .584 P MIN (1.88). 400.0 IF— 1000.00W . 5.08 P MAX (LBS)— 5000.0 CM . 108 R. .080
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E (MSI)—28 .00 FTY (PSI)— 234008 NO— .30
B— .584 P MIN (LBS)— 400.0 LF— 1000.00
W— 5 .ØØ P MAX (LBS)— 5000.0 CM— 100 R— .080

HZ THETA CYCLES A STRESS K—MAX DA/DN DELTA K

30.00 61.631 3540 2.966 53.78 49.42 0.0000 0.000
30.00 60.577 6190 3.007 56.23 50.94 15.6948 46.167
30.00 59 .544 845 0 3.047 58.70 52.47 17 .3622 4 7 . 5 7 0
30.00 58.784 10290 3.075 60.55 53.61 15 .2252 48.797
30.00 57.871 12110 3.107 62.82 55.01 17 .9792 49.966

1.00 57.871 0 3.107 62.82 55.01 0.0000 0.000
1.00 56.815 1286 3 .144 65.52 56.67 28 .5280 51.371
1.00 55.941 2441 3.173 67.80 58 -07 25 .5392 52 .777
1.00 55 .085 3462 3 .202 70.10 59.47 27 .6113 54.068
1.00 54 .322 4431 3.226 72.19 60.75 25.3587 55 .301

1.00 53.499 5205 3.252 74.50 62.16 33 .5224 56 .537
1.00 52.620 6031 3.279 77.03 63.69 32 .8053 57 .891

30.00 51.727 1000 3 .306 79.67 65.30 0.0000 0.000
30.00 50.993 1670 3 .328 81.89 66.65 32 .4565 60.695
30.00 50.307 23 00 3.348 84.01 67.93 31.7144 61.908

30.00 49.635 2840 3.367 86.14 69.22 35 .7 43 6 3 . 0 9 2
30.00 48.652 3480 3 .395 89.34 71.16 43.’~~31 64.574
1.00 48.652 0 3 .395 89.34 71.16 0.0000 0.000
1.00 47.823 473 3.418 92.12 72.83 48.6283 66.235
1.00 47.200 868 3.435 94.26 74.13 43.1866 67.601

1 .00  4 6 . 5 2 9  1205 3 . 4 5 3  9 6 . 6 2  7 5 . 5 5  5 3 . 8 9 6 4  6 8 . 8 4 9
1 . 00  4 5 . 8 1 3  1550 3 . 4 7 2  9 9 . 2 0  77 .10  5 5 . 4 6 0 3  70 .216
1 .00  4 5 .2 5 9  1796 3 . 4 8 7  101 .25  7 8 . 3 3  5 9 . 6 3 3 8  7 1 . 4 9 5

3 0 . 0 0  4 4 . 4 8 9  390 3 . 5 0 7  104 .17  8 0 . 0 7  0 . 0 0 0 0  0 . 0 0 0
30.00 43.877 700 3 .523 106.55 81.50 51.1642 74 .321

3 0 . 0 0  43 . 170  990 3 .541  1 0 9 . 3 6  83 .18  6 2 . 5 0 4 0  7 5 . 7 4 9
30.00 42.430 1280 3.560 112.40 84.99 64.8696 77 .355
3 0 . 0 0  41.81 1  1490 3 . 5 7 6  115 .01  8 6 . 5 4  7 4 . 1 5 3 7  7 8 . 9 0 1
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