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ABSTRACT

ONE PHASE OF A CONTINUING STUDY OF THE LOW=CYCLE
FATIGUE BEHAVIOR OF METALS FOR DEEP SUBMERGEWCE
STRUCTURAL APPLICATIONS INVOLVES THE VALIDITY OF
SIMPLE SPECIMEN RESULTS WHEN APPLIED TO COMPLEX
STRUCTURES. AS A PART OF THIS STUDY, THE LOW=CYCLE
FATIGUE PERFORMANCE OF TWELVE INTERNALLY PRESSURIZED
BOXES WAS INVESTIGATED., THE BOXES WERE CONSTRUCTED
FROM 1=INCH THICK PLATE OF SIX MATERIALS CONSISTING
OF THREE STEELS, ONE ALUMINUM ALLOY, AND TWO TITANIUM
ALLOYS. '

' THE BOXES WERE CYCLICALLY PRESSURIZED AT PEAK
NOMINAL STRESSES UP TO ABOUT B0 PERCENT OF THE
YIELD STRENGTH OF THE BASE METAL. THE RESULTS ARE
| COMPARED WITH DATA PREVIOUSLY OBTAINED FOR SIMPLE
LABORATORY SPECIMENS. THE RESULTS OF THE BOX
TESTS TEND TO CONFIRM TWO GENERAL CONCLUS |ONS
REACHED PREVIOUSLY FROM SIMPLE SPECIMEN TESTS, THAT
18t (1) INCREASES IN LOW=CYCLE FATIGUE STRENGTH
FOR A GIVEN LIFE ARE NOT COMMENSURATE WITH INCREASES
‘ IN YIELD STRENGTH, AND (2) LOW=CYCLE FATIGUE LIFE
} IS CLOSELY RELATED TO TOTAL STRAIN RANGE AND APPEARS
3 TO BE INDEPENDENT OF BOTH STRUCTURAL METAL AND
STRENGTH LEVEL IN THE LIFE RANGE OF 1000 10 30,000
? CYCLES.
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INTRODUCT {ON

IN ORDER TO UNDERSTAND, UTILIZE, AND DEFEND THE VAST REACHES
OF THE OCEANS, FUTURE SUBMERSIBLE VEMICLES WILL BE EXPECTED TO DESCEND
AND OPERATE AT INCREASINGLY GREATER OCEAN DEPTHS., SUCH EXPECTATIONS
ARE CONSISTENT WITH OUR EXPANDING TECHNOLOGY IN OTHER AREAS, SUCH AS
INTERPLANETARY SPACE. ACCOMPLISHMENT IN THE OCEAN WILL REQUIRE THE
UTILIZATION OF MATERIALS OF HIGHER STRENGTH=TO~WE |GHT RATI10, PARTICULARLY
HIGH=STRENGTH STEELS, TITANIUM ALLOYS, AND RE INFORCED PLASTICS.

IN CONSIDERING THIS SITUATION SEVERAL YEARS AGO, IT WAS REASONED
THAT PRESSURE CYCLES {NDUCED BY MANEUVERING DEEP=-SUBMERGENCE VEHICLES
AT VARIOUS DEPTHS MIGHT POSSIBLY LIMIT THE LIFE OF THE PRESSURE MULL
AND CERTAIN INTERNAL SEA-CONNECTED EQUIPMENT. THE BASIS FOR THIS
REASONING WAS THAT STRUCTURES OF HIGH STRENGTH=TO=WE IGHT RATIO EXPOSED
TO SEA=WATER PRESSURE AND CORROS ION WOULD BE SUBJECTED TO A FINITE
NUMBER OF HIGH STRESS CYCLES AND, THEREFORE, THE USEFUL LIFE OF THE
STRUCTURES MIGHT WELL BE DICTATED BY THZ RESISTANCE OF MATERIALS TO
SO=CALLED LOW=CYCLE FATIGUE.

FOR THE PAST SEVERAL YEARS, THE U. S. NAvY MARING ENGINEERING
LABORATORY HAS BEEN ACTIVELY ENGAGED IN AN INVESTIGATION OF THE LOW=
CYCLE FATIGUE BEHAVIOR OF METALLIC MATERIALS AND THE CONSEQUENCE OF
SUCH BEHAVIOR ON THE STRUCTURAL INTEGRITY OF FUTURE DEEP=SUBMERGENCE
VEHICLES. THE RESULTS OF THE LABORATORY'S WORK ON SIMPLE SPECIMENS,

SUMMAR | 2ED BY GROSS,' INDICATED THAT MATERIAL BEMAVIOR WAS PREDICTED

'Sup:nsca|prs REFER TO SIMILARLY NUMBERED ENTRIES IN APPENDIX A
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DIFFERENTLY, DEPENDING ON.THE STRESS OR STRAIN PARAMETERS BEING CONS IDERED.
FOR EXAMPLE, ON THE BASIS OF TOTAL STRAIN, ALL MATERIALSBEHAVED SIMILARLY,
WHEREAS ON THE BASI|S OF NOMINAL STRESS, HIGHER=-STRENGTH MATERIALS WERE
SUPERIOR,

AS A RESULT OF THE ABOVE INVESTIGATION, IT BECAME EXPEDIENT TO
ESTABLISH WHETHER THE CONCLUS IONS REACHED FROM S IMPLE SPECIMENS WERE
VALID FOR COMPLEX STRUCTURES. ACCORDINGLY, IT WAS DECIDED TO INVESTIGATE
THE LOW-CYCLE FATIGUE BEWAVIOR OF A STRUCTURE. |T WAS DESIRABLE THAT
THE STRUCTURE BE (1) GEOMETRICALLY SIMPLE, (2) ANALYTICALLY COMPLEX
FROM A STRESS STANDPOINT, (3) EASILY TESTED IN THE LABORATORY, AND (4)
RELATIVELY INEXPENSIVE. |T WAS ALSO DESIRABLE THAT ALL OF THE CGNDITIONS
AND FACTORS WHICH WERE THOUGHT TO HAVE A SIGNIFICANT INFLUENCE ON THE
FATIGUE AND FRACTURE BEMAVIOR OF A VEHICLE DESIGNED FOR DEEP-SUBMERGENCE
BE PRESENT IN EQUAL OR GREATER SEVERITY IN THE LABORATORY STRUCTURE.

THE CONDITIONS AND FACTORS CONSIDERED TO BE IMPORTANT WERE AS FOLLOWS:
® WELOMENTS
® STRESS CONCENTRATIONS
e Cycric Loaps
® ResibuaL STReSsES

o CORROSION
FROM THE FOREGOING CONSIDERATIONS, 1T WAS CONCLUDED THAT AN INTERNALL'
PRESSUR1ZED RECTANGULAR BOX COULD BE CONSTRUCTED AND TESTED SUCH THAT
ALL OF THE ABOVE CONDITIONS AND FACTORS WOULD BE INCLUDED. THIS PAPER
DESCRIBES THE RESULTS OBTAINED IN THE TESTINGS OF 12 SuCH BOXES.
MATERIAL, CONSTRUCTION, AND INSPECTION

TWELVE BOXES WERE FABRICATED FROM THE SIX DIFFERENT BASE METALS

LISTED IN TaBLE 1, USING THE WELD METALS INDICATED N TamLt 2.
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CONDITIONS UNDER WHICH WELD ING WAS ACCOMPLISHED ARE ALSO STATED IN
TAsLE 2. THE TENSILE PROPERTIES SHOWN IN TABLES 1 AND 2 WERE OBTAINED
FROM SPECIMENS REMOVED FROM LOW=-STRESSED REGIONS OF THE BOXES AFTER
THE FATIGUE TESTS.

ALL OF THE BOXES WERE PREPARED FROM WROUGHT PLATE HAVING A.
NOMINAL THICKNESS OF ONE INCH, THE STEEL AND ALUMINUM BOXES WERE
FABRICATED By MEL. THE TWO TITANIUM BOXES WERE FABRICATED BY THE U. S.
Navy APPLIED SCIENCE LABORATORY, BROOKLYN, NEW YORK.

THE FIRST BOX WAS CONSTRUCTED FROM GRADE M HULL STEEL USING AN
ALL-WELD~METAL CORNER JOINT CONFORMING To CLass IV, Tyre C-21 or
NAVSHIPS INSTRUCTION 250-637=3 of 2 JANUARY 1962. THE INTERNAL DIMEN-
SIONS OF THE 80X WERE 5 X 5 x 30 INCHES. FIGURE 1 SHOWS THE COMPLETED
BOX PRIOR TO TESTING, AND ITEM (A), FIGURE 2, SHOWS THE CROSS SECTION
OF THE BOX.

TESTS ON CORNER-WELDED BOXES SHOWED THAT CRACKS INITIATED AT
THE INSIDE ROOT REINFORCEMENT WELDS AND PROPAGATED THROUGH ALL-WELD
METAL ALONG A DIAGONAL PLANE. TO PROVIDE A PATH FOR PROPAGATION THAT
COULD INCLUDE BOTH WELD AND BASE METAL, THE DESIGN OF THE BOX WAS
SUBSEQUENTLY MODIFIED TO THE J=-TYPE JOINT DESIGN (CLass IV, Type C-69)
SHOWN IN ITEM (8), FIGURE 2. FROM EARLY TESTS IT WAS ESTABLISHED THAT
THE BOX WAS UNNECESSARILY LONG AND THAT SIMILAR RESULTS COULD BE OBTAINED
BY REDUCING THE LENGTH OF THE 80X TO 15 INCHES. ACCORDINGLY, THE 5 X 5 X
15=1N." BOX WITH THE J=JOINT DESIGN SHOWN IN FIGURE 3 BECAME THE "STANDARD"

BOX RATHER EARLY IN THE PROGRAM, NONDESTRUCTIVE INSPECTIONS WERE MADE

FABBREVIATIONS USED IN THIS TEXT ARE FROM THE GPO StyLE ManuaL, 1959,
UNLESS OTHERWISE NOTED, 4 o : s v
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ON THE BOXES, BOTH DURING AND AFTER FABRICATION. THE WELD BEADS WERE
INSPECTED AS THEY WERE LAID DOWN, AND ALL CRACKLIKE INDICATIONS WERE
GROUND OUT AND REPAIRED PRIOR TO APPLYING ADDITIONAL WELD PASSES.
UPON COMPLETION, THE BOXES WERE ULTRASONICALLY INSPECTED TO ESTASLISH
THE SOUNDNESS OF THE WELDS AND ADJACENT BASE METAL. THE BOXES WERE
ALSO ULTRASONICALLY INSPECTED AFTER FATIGUE TESTING AND PRIOR TO DES-
TRUCTIVE SECTIONING TO ESTABLISH THE ABILITY OF THE METHOD TO DETECT
AND LOCATE CRACKS. THE EQUIPMENT USED IN THE ULTRASONIC TESTS WAS A
BRANSON INSTRUMENTS, {NCORPORATED, MoDEL SOB "SONORAY" FLAW DETECTOR
WITH 2.25-MC, 45° ANGLE PROBE.
METHOD OF INVESTIGATION

PRESSURIZATION SYSTEM. THE STRUCTURAL BOXES WERE CYCLICALLY

PRESSURIZED WITH THE SYSTEM SHOWN SCHEMATICALLY IN FIGURE 4. THE SYSTEM
WAS DESIGNED FOR 10,000 PSI MAXIMUM PRESSURE, USING TAP WATER AS THE
HYDRAULIC FLUID. BRIEFLY, OPERATION CONSISTED OF (1) COMPLETELY FILLING
THE SYSTEM WITH WATER, (2) PUMPING AGAINST THE CLOSED SOLENOID DRAIN
VALVE UNTIL THE DESIRED PEAK PRESSURE WAS REACHED, (3) MAVING THE

PRESET PRESSURE SWITCH AUTOMATICALLY OPEN TME DRAIN VALVE AT THE PEAK
PRESSURE TO DROP THE PRESSURE TO ZERO, AND (4) CONTINUOUSLY REPEATING
Sters (2) aAnD (3) UNDER AUTOMATIC CONTROL. THE CYCLING RATE OF THE
SYSTEM WAS VARIABLE, DEPENDING UPON THE VOLUME OF LIQUID TO BE REPLACED
DURING EACH CYCLE AND THE CAPACITY OF THE PUMP. THE SYSTEM WAS USUALLY
OPERATED AT ABOUT ONE CYCLE PER MINUTE.

MEASUREMENT SYSTEM. ANYWHERE FROM 12 TO 24 RES ISTANCE=TYPE

STRAIN GAGES (BLH-FAP-25-12) WERE BONDED TO THE BOXES AT VARIOUS EXTERNAL

LOCATIONS TO DETERMINE THE STATIC AND DYNAMIC BIWHAVIOR OF THE BOXES. |IN
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ADDITION, A TEMPERATURE=SENSING GAGE (RUGE STIKON SN=100=3) WAS ATTACHED
FOR MONITORING THE TEMPERATURE. |INCLUDED IN THE PRESSURIZATION SYSTEM
WAS A PRESSURE TRANSDUCER (STATHAM INSTRUMENTS, Mookl PG731TC-10M-350)
FOR MONITORING THE SYSTEM PRESSURE.

ON THE BAS!S OF PRELIMINARY STATIC=STRAIN MEASUREMENTS,
CERTAIN GAGES WERE SELECTED FOR MONITORING DURING THE FATIGUE TESTS.
THE SELECTED GAGES, PLUS THE TEMPERATURE GAGE AND THE PRESSURE TRANS=-
DUCER, WERE CONNECTED TO A TRANSOUCER INPUT CONDITIONER (B&F INSTRUMENTS
MobEL 1-202-2AM). THE OUTPUTS OF THE CONDITIONER CHANNELS WERE FED
INTO A RECORDING OSCILLOGRAPH (HonevweLL MobeL 1508 Visi1CORDER) For
PERIODIC READOUT,

STRESS CALCULATIONS. THE MAXIMUM TENSILE STRESS IN THE PRESe

SURIZED BOX OCCURRED AT THE INSIDE CORNER WHERE THE ROOT REINFORCEMENT
WELDS WERE LOCATED. THE MAXIMUM NOMINAL STRESS AT THIS LOCATION WAS
CALCULATED FROM THE FOLLOWING COMBINED STRESS EQUATION:

s - PaAas s PA?

MAX ——T T o ceeersennenn(l)

WHERE: P PEAX PRESSURE, PSIG
A = INSIDE WIDTH OF 80X, IN.

8 = INSIDE LENGTH OF 80X, iIN..

T PLATE THICKNESS, IN.

THE ABOVE EQUATION 1S DERIVED FROM SIMPLE PLATE THEORY, ASSUMING UNle

FORMLY LOADED PLATES WiTH CLAMPED EDGES MAVING A LENGTH=TO=WIDTHM RATIO
EQUAL TO OR GREATER THAN ONE. THE STRESS CALCULATIONS 00 NOT INCLUDE

THE EFFECTS OF OTHER FACTORS, SUCH AS STRESS CONCENTRATIONS, RESIDUAL

STRESSES, ETC,
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§ia|gmh STRSOO ﬁAIURENl! « BECAUSE OF THE RIGIDITY OF THE

BOXES, IT WAS EXPECTED THAT HIGH RESIDUAL STRESSES WOULD DEVELOP
DURING FABRICATION. NO ATTEMPT WAS MADE TO DETERMINE THE MAGNITUDE

AND EXTENT OF RESIDUAL STRESSES IN THE REGIONS WERL CRACKS INITIATED AND
PROPAGATED. HOWEVER, ESTIMATES OF THE MAGNITUDE OF RESIDUAL SURFACE
STRESSES WERE OBTAINED FROM STRAIN=GAGE READINGS TAKEN EITHER BEFORE

AND AFTER FABRICATION OR: BEFORE AND AFTER .TEST.L. .7,

RESULTS OF INVESTIGATION

Stavic TESTS. PRIOR TO THE FATIGUE TESTS, THL BOXES WERE STA-
TICALLY PRESSURIZED SEVERAL TINES TO THE DESIRED PEAK IMTERNAL PRESSURE.
WHILE BEING HELD AT THIS PRESSURE, THE EXTERNAL SURFACE STRAINS WERE
MEASURED AT THE VARIOUS LONGITUDINAL AND TRANSVERSE STRAINeGAGE LOCA-
TIONS. |T WAS CONCLUDED FROM THESE MEASUREMENTS THAT THE ACTUAL TRANS»
VERSE STRAINS AGREED QUITE CLOSELY WITH THEORET!CALLY PREDICTED STRAINS
WITHIN THE REGION BOUNDED BY 32 INCHES OF THE LONGITUDINAL CENTER LINE.
BEYOND 2 INCHES, THE EDGE EFFECTS BECAME QUITE PRONOUNCED, AND THE
ACTUAL STRAINS WERE LESS THAN THE THEORETICAL STRAINS, IT WAS ALSO
CONCLUDED THAT PLAME=STRAIN CONDITIONS EXISTED IN THE CENTRAL SECTION
OF THE BOX TO WITHIN ABOUT 5 INCHES OF CACH END.

Faviaue TESTS. PERTINENT INFORMATION ABOUT THE BOXES AND THE
RESULTS OF THE FATIGUE TESTS ARE SUMMARIZED IN TasLE 3. THE MAXIMUM
NOMINAL PEAK STRESSES WERE CALCULATED From EQuaTion (1) usinNg THE cveLic
PEAK PRESSURE AND DIMENSIONS OF THE B80X. THE MAXIMUM PEAK STRAINS
WERE OBTAINED BY ASSUMING ELASTIC CONDITIONS AND DIVIDING THE MAX)MUM
PEAK STRESSES BY THE MODULUS OF ELASTICITY, £, AND APPLYING A SMALL

CORRECTION FOR LONGITUDINAL STRAIN, INCLUDED 1w TABLE 3 AN THC



MEL Report 68/65

PERCENTAGES OF THE O.2«PERCENT YIELD STRENGTH AND THE CORRESPOND ING
TOTAL STRAIN AS DETERMINED FROM STRESS=STRAIN CURVES OF THE BASE
METALS,

THE CYCLES=TO=FAILURE REPRESENTS THE NUMBER OF PEAK PRESSURE
CYCLES THAT THE 80X ENDURED UNTIL LEAKAGE. THE ESTIMATED CYCLES TO
CRACK INITIATION WERE OBTAINED BY MONITORING CHANGES IN PRESSURE VERSUS
STRAIN RELATIONSHIPS USING THE PROCEDURES DESCRIBED By Heise.® Some
OF THE BOXES BEGAN TO LEAK SLOWLY, AS SHOWN IN FIGURE 5, WHEREAS OTHERS
DEVELOPED A LARGE=SIZE CRACK SUDDENLY. FAILURE IN THE LATTER CASE WAS
ACCOMPANIED BY A LOUD "BANG." A TYPICAL FAILURE OF THIS TYPE IS SHOWN
iN FiIGuRre 6.

ULTRASONIC INSPECTION. ULTRASONIC INSPECTION OF THE BOXES

AFTER FABRICATION, BUT PRIOR TO FATIGUE TESTING, REVEALED NUMEROUS
SMALL UNINTERPRETABLE INDICATIONS IN THE REGIONS OF THE WELDS FOR
Boxes 10 AND 11. |T WAS SUBSEQUENTLY ESTABLISHED THAT THESE INDICATIONS
RESULTED FROM LACK OF PENETRATION BETWEEN THE ROOT PASS AND ROOT
REINFORCEMENT BEAD. THE OTHER BOXES DID NOT SHOW ANY SIGNIF ICANT
ULTRASONIC INDICATIONS,

SIMILAR INSPECTION AFTER FATIGUE TESTING SHOWED THAT THE METHOD
WAS CAPABLE OF DETECTING CRACKS, OTHER THAN THE FAILURE CRACK, WHEN
THEY EXISTED. THE EXACT NUMBER OF CRACKS IN A GIVEN LOCATION, HOWEVER,
AND THME EXTENT OF CRACK PROPAGATION GCOULD NOT SE OETERMINED 8Y THIS
PROCEDURE.

RESIDUAL STRESSES. THE RESULTS OF THE RESIDUAL STRESS MCASURE

MENTS VARIED WIDELY, BOTH WITHIN AND AMONG BOXES, NO ATTEMPY WAS BLEN

MADE TO RATIONALIZE THE RESULTS. |T WAS APPARENT, HOWEVER, THAT PELAK
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TRANSVERSE RESIDUAL STRESSES EQUAL TO THE YIELD STRENGTH OF THE BASE METAL
WERE DEVELOPED IN SOME OF THE STRUCTURES. REFERNING TO TasLe 3, Box 7
IS A STRESS=RELIEVED VERSION OF Box 4. THE PEAK RESIDUAL TENSILE STRESSES
IN Box 4 WERE OBSERVED TO BE NEAR THE YIELD sraéss, WHEREAS THOSE IN
Box 7 WERE ABOUT HALF THE YIELD STRESS. |T IS APPARENT FROM THE RESULTS
IN TABLE 3 THAT THE STRESS=RELIEVING TREATMENT USED HAD NO BENEF ICIAL
EFFECT ON FATIGUE LIFE.
POSTFAILURE EXAMINATION. TABLE 4 SHOWS THE NUMBER AND EXTENT

OF CRACKS OBSERVED IN CROSS SECTIONS REMOVED FROM THE BOXES AT THE POINT
OF FAILURE AFTER FATIGUE TESTING: IN SOME BOXES, NOTABLY THOSE OF
STEEL, CRACKS INITIATED AND PROPAGATED IN ALL FOUR CORNERS. ITEm (8),
FIGURE 7 1S A CROSS SECTION OF THIS TYPE. IN OTHER BOXES, PRINCIPALLY
THOSE OF ALUMINUM AND TITANIUM, ONLY A SINGLE CRACK INITIATED AND
PROPAGATED. |IN ALL CASES, CRACKS INITIATED IN THE INSIDE CORNERS AT
NOTCHES FORMED BY THE LONGITUDINAL ROOT REINFORCEMENT WELDS.

- THE FINAL PHASE OF THE EXAMINATION CONSISTED OF FORCIBLY OPENING
THE FAILURE CRACKS AND EXAMINING THE FRACTURE SURFACES. A DESCRIPTION
OF THE FAILURE CRACK FOR EACH OF THE BOXES IS GIVEN IN Fiaure 8.
EXCEPT FOR LOW=-STRESStD BoXx 5, THE LONGITUDINAL CRACK FRONTS WERE
QUITE BROAD AND EXTENDED OVER THE PLANE STRAIN REGION OF THE BOX..
Item (A), FIGURE 7 1S TYPICAL.

FaTiGUE .CRACK PRO:A&#T'Q”: UsinGg DATA IN TasLES 3 AND 4, aN

AVERAGE FATIGUE CRACK PROPAGATION RATE CAN BE CALCULATED AS FOLLOWS!

L
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WHERE: ﬁh = AVERAGE FATIGUE CRACK PROPAGATION RATE
Lg = LENaTH (DEPTH OF PENETRATION) OF FAILURE CRACK
Ny = ESTIMATED CYCLES TO CRACK INITIATION
Ne = CYCLES TO FAILURE.
THE CALCULATED RATES ARE SHOWN IN THE RIGHT=HAND COLUMN Of TAsLE 3.
THESE VALUES DO NOT INDICATE THE RELATIVE CRACK PROPAGATION RATES OF
THE MATERIALS,
DISCUSS ION
IN THE ENSUING DISCUSSION, IT IS IMPORTANT TO KEEP IN MIND
THAT THE ASSUMED STRESS STATE AND THE ACTUAL STRESS STATE AFFECTING
FATIGUE IN A STRUCTURE MAY BE, AND USUALLY ARE, QUITE DIFFERENT. IT
IS GENERALLY ASSUMED IN NOMINAL STRESS CALCULATIONS THAT LINEAR ELASTIC
CONDITIONS PREVAIL, UNDER SUCH CONDITIONS IT IS IMMATERIAL WHETHER
ONE DEALS IN TERMS OF STRESS OR STRAIN. IT IS WELL KNOWN, HOWEVER,
THAT SUCH CONDITIONS DO NOT USUALLY PREVAIL IN REGIONS OF STRESS
INTENS IFICATION WHERE FATIGUE CRACKS ARE MOST LIKELY TO INITIATE AND
PROPAGATE., THIS 1S ESPECIALLY SO FOR THE CASE OF LOW=CYCLE FATIGUE.
ACCORD INGLY, ONE MUST RECOGNIZE THAT IT IS ununn:u§ THAT STRESS AND
STRAIN WILL BE LINEARLY RELATED IN THE REGION OF DIRECT CONCERMN.
DuRING THE PAST 10 YEARS MUCH EVIDENCE MAS BEEN DEVELOPED TO
SUPPORT THE VIEW THAT LOW=CYCLE FATIGUE LIFE IS A FUNCTION OF STRAIN.
ONE MIGHT EXPECT THIS TO BE THE CASE, INASMUCH AS THE MICROMECHANISMS
THAT ARE ASSOCIATED WITH FATIGUE FAILURE ARE STRAIN DEPENDENT.
GrOSs® AND MANSON AND HIRSCHBERG,* AND MORE RECENTLY, WELLS AND
SULLIVAN® HAVE SHOWN THAT LOW=CYCLE FATIGUE SPECIMEN RESULTS TEND TO

CORRELATL BEST WITH THE TOTAL STRAIN RANGE., THE WORK OF GROSS HAS
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SHOWN THAT, IN THE LIFE RANGE of 100 710 10,000 CYCLES, LOW=CYCLE FATIGUE
CRACK INITIATION IN TEST SPECIMENS 1S, WITHIN RATHER NARROW PROBABILITY
LIMITS, INDEPENDENT OF MATERIAL AND/OR STRENGTH LEVEL BUT DEPENDENT ON
TOTAL STRAIN RANGE. ALSO, THE RECENT WORK OF CROOKER AND LANGE} HAS
SHOWN THAT LOW=CYCLE FATIGUE CRACK PROPAGATION RATE CORRELATES WITH
TOTAL STRAIN RANGE, AND THAT THE RATE APPEARS TO BE INDEPENDENT OF
STRENGTH LEVEL FOR A GIVENCCLASS OF MATERIALe DIFFERENT RATE=VERSUS~
STRAIN RELATIONSHIPS HAVE BEEN OBSERVED, HOWEVER, FOR DIFFERENT MATERIALS.
IN VIEW OF THE FOREGOING, IT 1S OF INTEREST TO EXAMINE THE RESULTS IN
TABLE 3 TO DETERMINE WHETHER THE STRUCTURAL BOXES FOLLOW THE SAME TRENDS
AS SMALL SPECIMENS.

FIGURE 9 1S A LOG=LOG PLOT OF TOTAL STRAIN RANGE VERSUS NUMBER
OF CYCLES, WHICH COMPARES THE BOX TEST RESULTS WITH THE SMOOTH SPECIMEN
RELATIONSHIP OBTAINED PREVIOUSLY AT MEL FOR A VARIETY OF MATERIALS AND
STRENGTH LEVELS. A PARALLEL RETATIONSHIP HAS BEEN PLACED THROUGH THE
GEOMETRIC MEAN OF THE BOX DATA., THERE ARE MANY DIFFERENCES BETWEEN THE
RELATIONSHIP SHOWN.FOR: THE, SPECIMEN, DATA  AND THEABRX DATA,; NOTABLY:! K GEOMETRY
TYPE OF LOADING, CRITERION FOR FAILURE, RESUDUAL STRESS, AND METHODS OF
MEASURING AND CALCULATING TOTAL STRAIN. NO ATTEMPT :AS BEEN MADE TO
TAKE THESE FACTORS INTO ACCOUNT AT THiIS TIME. |T 1S APPARENT, HOWEVER,
THAT THE TREND OF THE BOX AND SPECIMEN DATA IS SIMILAR. FURTHERMORE,
THE BOX DATA APPEAR TO BE INDEPENDENT OF MATERIAL AND STRENGTH LEVEL
AS WERE THE SPECIMEN DATA.

FIGURE 10 1S A LOG=LOG PLOT OF EQUIVALENT PEAK STRESS VERSUS
NUMBER OF CYCLES TO FAILURE. THE SIMILARITY BETWEEN THE RELATIONSHIPS

tN FIGURES 9 AND 10 APPEARS TO BE COINCIDENTAL., IT SO HAPPENS THAT THE

10
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THREE MATERIALS SELECTED FOR STUDY, |.Esy STEEL, ALUMINUM, AND TITANIUM,
HAVE ALMOST IDENTICAL RATIOS OF ELASTIC MODULUS TO DENSITY (;) .
ACCORDINGLY, THE €y (n 2-!"-‘-5) vs Nps AND 9_;.‘.‘..’5 v8 N RELATIONSHIPS
ARE SIMILAR., ToO DEMONSTRATE THAT STRAIN IS THE CONTROLLING PARAMETER,
A TEST 1S PLANNED FOR A BOX CONSTRUCTED OF 70=30 CUPRONICKEL ALLOY,
WHICH HAS A DISTINCTLY DIFFERENT % RATI0.

TABLE 5 COMPARES THE FATIGUE LIVES OF STEEL BOXES IN WHICH THE
PEAK STRESS WAS APPROXIMATELY 80 PERCENT OF THE YIELD STRENGTH OF THE
BASE METAL. LOW=CYCLE FATIGUE LIFE APPEARED. AS A DECREASING FUNCTION
OF YIELD STRENGTH. WHEN THE YIELD STRENGTH WAS INCREASED BY A FACTOR
OF 3, THE FATIGUE LIFE DECREASED BY A FACTOR OF 10. COMPARISONS CAN
ALSO BE MADE BETWEEN BOXES 1 AND 5 AND BETWEEN BoXeS 4 AND 12 IN TABLE
3. THE GEOMETRY AND PEAK STRAIN OF THE PAIRED BOXES WERE PURPOSELY
MADE NEARLY IDENTICAL. |N THE CASE OF BOXES 1 AND 5, THERE WAS AN
INCREASE IN THE FATIGUE LIFE OF HY-100.3TEEL OVER THE GRADE M STEEL.
NoT S0, HOWEVER, FOR Boxes 4 AND 12. THE LIVES oF 80TH HY=140 STEEL
AND HY-100 STEEL WERE NEARLY THE SAME, EVEN THOUGH THE HY-140 STEEL
WAS STRESSED ONLY TO 60 PERCENT OF ITS YIELD STRENGTH. IN GENERAL,
THE BOX TEST RESULTS SUBSTANTIATED THE OBSERVATIONS MADE ON SIMPLE
SPECIMENS,; I1«E¢y; INCREASES IN LOW=CYCLE FATIGUE STRENGTH ARE NOT COMe
MENSURATE WITH INCREASES IN YIELD STRENGTH OF THE BASE METAL.

THE LJDDEN RUPTURE OF THE ALUMINUM AND THE HIGHe INTERSTITIAL
TITANIUM BOXES DESERVE SPECIAL CONSIDERATION: THE FAILURE OF METALS
8Y GROSS FRACTURE MAY CONSIST OF THREE PHASES, NAMELY: (1) cRack
INITIATION, (2) SLOW=CRACK PROPAGATION, AND (3) FAST=CRACK PROPAGATION.

IF WE CONFINE OUR DISCUSSION TO THE STRUCTURAL BOXES, Pwases (1) ano

N
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(2) ARE ATTRIBUTABLE TO FATIGUE UNLESS CRACKS ARE PRESENT INITIALLY,
THEN PHASE (1) WiLL ALREADY MAVE OCCURRED. IN $0=CALLED NOTCH=TOUGH
MATERI1ALS, PHASE (2) WiLL CONTINUE UNTIL SLOW LEAKAGE OCCURS, AND THE
NET RESULT WILL NOT BE CATASTROPHIC. PHASE (3) BECOMES IMPORTANT WHEN
THE MATERIAL TENDS TO BEHAVE IN A BRITTLE MANNER.

THE FRACTURE=-MECHANICS APPROACH TO BRITTLE~FRACTURE PROBLEMS
HAS SHOWN THAT, IN THE PRESENCE OF A NOTCH, CATASTROPHICALLY FAST
FRACTURES CAN OCCUR IN HIGH=STRENGTH MATERIALS AT STRESS LEVELS WELL
BELOW THE YIELD STRENGTH. IT HAS ALSO BEEN DEMONSTRATED THAT THERE IS
A CRITICAL CRACK SIZE THAT HIGH=STRENGTH MATERIALS CAN TOLERATE WHICH
IS DEPENDENT UPON THEIR PLANE=STRAIN FRACTURE TOUGHNESS. BEYOND THIS
CRITICAL SIZE, CRACKS BECOME SELF=PROPAGATING AT LOW=STRESS LEVELS,

AND CATASTROPHIC FAILURE CAN OCCUR.

THE CRITICAL CRACK SIZE ASPECT OF FRACTURE MECHANICS WAS READILY
EVIDENT IN THE FAILURE OF Box 8 (Ti-A70). EXAMINATION OF THE FRACTURE
REVEALED A SLOW CRACK PROPAGATION PHASE (See ITeEm (8), FiGure 6)
FOLLOWED BY RAPID PROPAGATION WHICH CRACKED THE BOX ALONG ALMOST (TS
ENTIRE LENGTH. ALTHOUGH THE FAILURES of Boxes 6 (AL-6061) ano 11
(Ti~6AL=4V) WERE SOMEWHAT SIMILAR, NO DISTINCT AREAS OF SLOW AND FAST
CRACK PROPAGATION COULD BE OBSERVED., A LOW=INTERSTITIAL, HIGH=TOUGHNESS,
TITANIUM=ALLOY BOX IS TO BE TESTED IN THE NEAR FUTURE TO PROVIDE
ADDITIONAL INFORMATION ON THE MECHANISM OF FINAL FAILURE...

HY=-100 STEEL 1S A NOTCH=TOUGH MATERIAL, AND EXPERIENCE HAS SHOWN
THAT FAILURE WiLL BE OF THE SLOW LEAKAGE TYPE. ACCORDINGLY, THE SUDDEN
RUPTURE OF BOox 2 REQUIRES SOME EXPLANATION. AS CAN BE OBSERVED IN

FIGURE B, THE FINAL FRACTURE PATH WAS ALONG A PLANE OF MAXIMUM SHEAR.

12
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PRESUMABLY, THERE WAS A WEAK JUNCTION BETWEEN ADJACENT SURFACE WELD
BEADS, AND SHEAR FAILURE OCCURRED SUDDENLY ALONG THIS JUNCTION.

FIGURE 11 1S A LOG=LOG PLOT OF THE AVERAGE CRACK PROPAGATION
RATE VERSUS TOTAL STRAIN RANGE DATA IN TABLE 3. [INCLUDED IN FIGURE 11
IS THE RELATIONSHIP OBTAINED BY CROOKER AND LANGE! FROM SPECIMEN TESTS.
THE RELATIONSHIP WAS PURPOSELY POSITIONED S0 THAT IT PASSED THROUGH THE
GEOMETRIC MEAN OF THE DATA. THE AGREEMENT BETWEEN THE DATA AND THE
RELATIONSHIP IS SURPRISING CONSIDERING THE UNCERTAINTIES OF THE METHOD
USED TO DETERMINE THE AVERAGE CRACK PROPAGATION RATES FOR THE BOXES.

IT SHOULD BE RECOGNIZED IN FIGURE 11 THAT WHAT APPEAR TO BE
MINOR DEVIATIONS FROM CROOKER AND LANGE'S RELATIONSHIP DO, IN FACT,
REPRESENT RATHER LARGE DIFFERENCES IN CRACK PROPAGATION RATE. FoR
EXAMPLE, THE CALCULATED CRACK PROPAGATION RATE FOR Box 9 1S ABOUT TWICE
THAT WHICH WOULD HAVE BEEN PREDICTED BY THE RELATIONSHIP. |N GENERAL,
IT 1S CONCLUDED FROM THE DATA IN FIGURE 11 THAT UNDER THE CONDITIONS
OF THE TEST, THERE ARE NO SIGNIFICANT DIFFERENCES IN CRACK PROPAGATION
RATES BETWEEN THE VARIOUS MATERIALS.

IN DESIGNING THE STRUCTURAL BOX TEST, THE INTENT WAS TO INTRODUCE
AS MANY IMPORTANT VARIABLES AS POSSISLE IN ORDER TO ESTABLISH THEIR
GROSS EFFECT. |T WAS DEEMED IMPORTANT, HOWEVER, THAT THE JOINING PRO=
CEDURES USED IN CONSTRUCTION MEET AT LEAST THE MINIMUM REQUIREMENTS OF
ACCEPTABLE STANDARDS. (T IS APPARENT FROM THE RESULTS THAT THE LOW~
CYCLE FATIGUE LIFE OF THE BOX STRUCTURES WAS MORE DEPENDENT ON DESIGN
AND FABRICATION THAN ON MATERIAL. SUBSTANTIAL IMPROVEMENTS IN LIFE

CAN BE BROUGHT ABOUT BY DELAYING CRACK INITIATION AND/OI SLOWING DOWN

CRACK PROPAGATION, BASICALLY, THIS CAN BE ACCOMPLISHED BY (1) MECHANICALLY

13
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REMOVING SHARP FILLETS, NOTCHES, AND CRACKS IN CRITICAL AREAS, (2)
REMOVING UNCESIRABLE RES IDUAL STRESSES BY THERMAL OR MECHANICAL
STRESS RELIEF, AND (3) INTRODUCING DESIRABLE RESIDUAL STRESSES BY
MECHANICAL COLD WORKING TECHN)QUES.
CONCLUS IONS

THE RESULTS OF THE LOW=CYCLE FATIGUE TESTS OF STRUCTURAL BOXES
CYCLICALLY PRESSURIZED WITH FRESH WATER TEND TO CONF IRM TWO GENERAL
CONCLUS IONS REACHED PREVIOUSLY FROM TESTS OF SIMPLE SPECIMENS. THESE
ARES

® INCREASES IN LOW=CYCLE FATIGUE STRENGTH FOR A GIVEN LIFE ARE
NOT COMMENSURATE WITH INCREASES IN YIELD STRENGTH.

® Low-CYCLE FATIGUE LIFE 1S CLOSELY RELATED TO TOTAL STRAIN
RANGE, AND ON THIS BASIS APPEARS TO BE INDEPENDENT OF BOTH THE STRUCTURAL
METAL AND STRENGTH LEVEL IN THE LIFE RANGE ofF 1000 to 30,000 cYCLES.

IT 1S CONCLUDED FROM THE BOX TEST RESULTS THATS

® LOW=CYCLE FATIGUE LIFE OF A COMPLEX STRUCTURE CAN BE FAR
MORE SENSITIVE TO DESIGN AND FABRICATION THAN TO THE MATERIALS FROM
WHICH IT 1S MADE.

® FINAL FAILURE OF HIGH STRENGTH =TO=WE |GHT STRUCTURES SUBJECTED
TO LOW=CYCLE FATIGUE CAN BE SUDDEN AND EXTENSIVE IF THE MATERIAL OF
CONSTRUCTION HAS LOW NOTCH TOUGHNESS.

o FATIGUE CRACK PROPAGATION RATE IS (1) STRAIN DEPENDENT AND
(2) INDEPENDENT OF MATERIAL OF CONSTRUCTION.
FUTURE PLANS

SHORT=RANGE PLANS INCLUDE (1) COMPARATIVE TESTS ON MARAGING

STEELS AND NEWLY DEVELOPED NOTCH-TOUGH TITANIUM ALLOYS, AND

14
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(2) DEFINITIVE TESTS TO ESTABLISH THE IMPORTANCE OF VARIOUS FACTORS,
ESPECIALLY CORROSION., THE LONG=RANGE EFFORT WILL'.BE DIRECTED TOWARD
A SYNTHESIS OF THE BOX RESULTS. EACH OF THE IMPORTANT FACTORS AFFECTING
LOW=CYCLE FATIGUE FAILURE WILL BE STUDIED AND COMBINED IN AN EFFORT

TO IMPROVE THE ENGINEER'S ABILITY TO PREDICT THE FINAL RESULTS.

15
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Tasre 1

Base MeTaL CHEMicAL COMPOSITION AND MECHANICAL PROPERTIES

1AL
Graoe M AY=100 - 140 LUMINUM ALLoY] TiTaNIUM ALLoY] TiTANIUN ALLOY
Huet STeeviHuce Steev|Huul Sveee] 6061-TESH a70() 6AL=aV!
NoMiNAL CueMicaL ComposiTion, %
[% 0,28 o 17
M Q.75 330 0, 15
N Max 0,25 3,00 210 —
CR 1,40 0,54 0,25
Mo 0,40 Q.85
0,07 4.0
N ~BAL B0
v 100
E A A L 2007
5 a"!'s‘ 0.25 0. 0.6 Fc: 0,0073 &
Cu Max 0. 35 0.25 0 J0. 317 o
Mo 1.0
MecHANICAL PROPERTIES
Yieuo Strenath (0.28), psy 44900 109000 43500 4% 76300 7900
ENSILE STRENGTH, PSI 0400 123700 51000 4 99400 34400
LLONGAT ION IN 2 INgy X 33 2 21
EDUCTION Of AREA, % 54 10 8 38 9
ODULUS OF LLASTICITY, PS1 30 x 16 30 x 1" J30 x 1 10 x 1\0° 5.5 x 100 5 x 1P |

NOTE HIGH= INTERSTITIAL CONTENT



Base METAL - WELD METAL CoMBINATIONS USED

TaBLE 2

ME' RePoRT 68/65

IN PREPARING TeEST BoXES

BASE Mt TAL
‘GrRADE M HY=100 RY=130 [ ACUM INUM ALLOY] TiTANTUM ALLOY]TITANTUN ALLOY
Hult STeeL]Huee Steey Hul STeer]  6061-TESH AlO bAL=1V
FILLER METAL AWS-E6014 | Type = AiRrco Tyee 4043 T1=50A TrabAL=4V
£11018 HT5256=C
PROCESS ManuaL MANuAL MIG MIG SrorRT CHRCUT [SuorT Cimrcuiy
MeTAL ARC |METAL ARC MIG MIG
AS SHIELD None HITE L) T - 75% A= 25% HE | /9% A= 207 te
2% Oy 25% A + ARGON + ARGON
TRAILING TrRAILING
SHIELD OHIELD
REMEAT, | None 150=25C 1,0 NonE 100200 150-200
AX INTERPASS [EMP, I 200 300 150 200 100-200 190=200
"TENSILE PROPERTIES OF WELD MeTAL
YiELD STRENGTH (0.2%), psi 66600 J9HQ0 31400 24600 £V 10000
TENSILE STRENGTH, PS| 78400 112000 46600 24000 80600 144 500
LONGATION IN 2 INs o 24 2h 9 12 22 4
REDUCTION OF AREA, 5 e [ 3] 2 41 12




SUMMARY OF RESULTS

TasLe 3
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gox Mo,

T | ¢

[T ] # T ST 8T

3]

B

1.5 |

T

1 W L

17

BASE METAL

[Grade M AY-100

HY=

HY-1

[ HY =100

HY=1

AC=6061=TE0H

HY = 100

Ti1=AT0]

KL =506 1~

=140,

T1=bAL =4

Type OF WELD

CoRNER | CORNER

J

J

CORNER

CoRNER

J

J

J

J

J

J

CONDITION OF
Box

As
WELDED

8
WELDED

As

WELDED

LY
WwELDED

As
WELDED

AS
WELDED

ETREATCD |

SR2

As
WELOED

ETREATED '

L]
wELDED

TAs

WELDED

NOMINAL IN=
SIDE DIMEN=
S1ONS, IN.

D x 9
x 30

DX

x 30

S5x 2
x 30

BN
x 15

FIEE]
x 30

o X
x 30

DX 92 x 10

DX O
x 15

L]
x 712

S x DX 1D

5% 5
x 15

X 5
x 15

PLaTE TWALL]
THICKNESS ,
IN,

i r2d

I8

T. 946

C. 940

0,945

FoRe

1.04

C.559%

k)

TYCLIC PEAK
PRE SSURE ,
PSIG

6000

5050

0450

<370

200

0350

SO0

1530

NOMINAL
STRLSS AND
TRAIN
VaLues
AX | MUM
Peak
STRESS,
OMAXs PSt

39,200 | 101,000

86,000

86,100

38,600

65,100

32,300

91,800

53,800

22,000

114,800

65,900

86,200

"PERCENT OF
0.2% YigLo
STRENGTH

92,7

(78,9

9.0

30.0

o037

0.5

5.0

93.¢

MaximMuM

PEAK STRAIN
e

.00728 17, 00330

00281

. 00281

00212

. 00316

00338 |

o028

. 00390

, ININ
PERCENT OF

Torat
STRAIN TO
0.2% YiEwD
STRAIN

37,7

48.4

21,7

B0

53.5

49.0

3.3

40,6

4.3

STIMATED
CycLes ~o
CRACK INITIAS
TION Ny

15,000

2000

1500

10,000

1500

1700

TLM

€3

1400

CycLEs To
FaA1LURE Ne

26,400 | 7100

8300

3000

€400

(S
Y
<

10,500

2500

1900

8600

TYPE GF FAti =
URE

SUDDEN
RyPe
TURE

LOowW
LEAK

Stow
LEAK

tow
LEAK

Suow
LEAK

SUDDEN
RUPTURE

o1 oW
tEAK

SUDDEN
RUPe
TURE

SLow LEAK

Stow
LEAK

SUDDEN
rRUP~
TURE

Srow
TEAK

AVERAGE CRACK
PROPAGATION
RATE. ,IN PER
CYCLE

104

35
rets

165

184

=
<

@09

£3c

156

7eh

150

1SOLUTION TREATED AND AGED AFTER WELDING LONGITUDINAL EDGES.

CSTRESS RELIEVEDS
HTesT STOPPED AT
4, TRASONIC CRACK INDICATIONS PRESENT PRIOR TO TEST,

HEATED To 950 F. HEID & WR, FURNACE COO'ED.
100,000 cycLes,

PRESSURE RAISED TO 3990 PS1G AND TEST CONTINUED 10 FAII URE.

EXAMINATION OF FRACTURE SHOWED L ACK OF FUSION AT ROOT PASS,
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TasLE 4
NuMBER AND LENGTH OF FATIGUE CRACKS IN CROSS SECTIONS
[CorNERS 1N ROTATION STARTING WITH FAILURE (F)
CRACK AS No. 1; CRACK LENGTH IN INCHES).

ox CORNER ] CORNER 2 CORNER 3 | CORNER 4 ] TOTAL
No. | MATERIAL No.] LencTr INo. ] LENGTH] No. | LENGTH [No. JLenaTH ] No.
F | 13/186 1 1/8
1 GRADE M 1 1/8 1 1;% 1 3/8 1 5/8 6
1 1
2 HY=100 Fl11/a 1 s[t?r 1 13/16] 2 5/16 6
T 1/4 1 1/ 1 1
3 | HY-100 1 5/8 1 1/2 1 11‘46 1 1/2 7
T1/8 | 1| 1/8 T VA 1 1/8
4 | HY-100 1 1/2 1 7/16 1 3/4 1 9/16| 8
51 HY-100 f‘—'ﬁ"\ /786 [ - - - - - T
[ TAL-6061 T 111/ 1 | 5/8 - - - - -
T ] 5/16 | | 174
7 HY-100 Fl11/8 1 3/4 1 3/4 1 7/8 6
LgT'T"IT—u- 0 '—T'ﬁ 174(% |- - - . - m
' KL'“E' 1 l4 - - - - - -
n:o:LFIT"-ME T 11 1/4 1 172 ] B/16 | - - 1 3 |
1 Yi-GaL-4V | F 11 - - - - - - 1
F 111
12 HY-140 1 1/4 1 1/2 1 5/8 1 9/16] 5

1Box TESTED AT TWO STRESS LEVELS (see Tasie 3).
LENGTH OF FAILURE CRACK FIRST LEVEL - 3/4 INCH, 2ND LEVEL ~ 3/8 INCH,
TOTAL = 1 1/8 INCHES.
3LENGTH OF FATIGUE PORTION OF CRACK = 1 INCH.



TaBLE S
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CoMPARISON OF STEEL BOXES HAVING Oyax ms 0.8 Oyg

[Box No. "MATERIAL Ovs ny/Ovs M N,
1 GRADE M 1.0 26400
3 HY=100 2e- 9600
4 HY-100 2.4 8300
10 HY=140 3.2 2500
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USN
MARINE ENGINEER!NG LABORATORY

ITeEM (A) - CLass IV, ITem (B) = CrLass IV,
Tvype C-21 CoRNER WELD Type C=69 CORNER WELD

CORNER WELD J-WELD
80X 80X

FiGure 2
CrOSs SECTIONS OF STRUCTURAL Boxes
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FiGure 5

TrpicaL Stow LEak (Box 9)
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USN MARINE ENGINEERING LABORATORY
ITEM (A) = FULL-LENGTH LONGITUD INAL CRACK IN BASE METAL

ITEM (B) = FRACTURE APPEARANCE

FiGurRE 6 - SubbEN RUPTURE ofF Box 8
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o TRANSVERSE Stcnour L NG TUDINAL SURFACE OF
Noo | MaTem. a0 of TrRouan CRack Turouen CRAr« REMARR o
FAYT L E WA r vR P& A" Jh o N W f AR
FLYYT N Wit WOewED e DEN € o0 Make
CPACK NOTOAT URS.
FA® 3UE CRACH SROMAWA  CN PARS Ayi v
THROGAM PO L OWEL 8 SHMCAR WP KL
HY =100 Noati
TA" alF CRACK PROSALAT Ok Luw
Ceae,
Y e X
VAt aul CRALK BRrEAA h U w
[RY LI
S HYe X
-
Two=STAGE YES™ SLE TAE ),
LHOWED SELECT veb N A oN, FatL
| HY=1CO LRALK PROPAGAT!ON SL0w  tax
-—_._.,—-——-1
FAT.GUE LRATK PROPAGATION + 4%~ At
THROUGM FOI . OWED BY FAST FRAI "LNE N
. L 1T 29 RIS S5 LR L ) S NRws
6 | Aue&0B1 IR v WELT META .
FATIGUE CRACK PROPAGATION 10 LEA» N
BASE METAL. BuiiDur OF PLASTICALLY
7 ] HY-100 DEFORMED METAL ALONG LXTCRIOR AD ACEN'
T CRACK,
- FATIGUL CRACK PPOPAGAT ION PART LALLY
THAOUGM MASE METAL FOLLOWED BY FAS®
5 | T.-A70 FRACTURE ALONG FULL LEMNGTN,
- FATI8UC CRACK PROPAGATION TO MULT =
MOLE LEAK AT SASEWELD METAL BOUNDARY,
| AL=6081
- FATIGUE CRACK PROPAGAT ION TO LEAK AT
+8AR SAME-VELD METAL BOUMCARY, Latk or
10 | MY=140 FUBION BENCATH ROOT PASS.
L‘ LJ "
AREA OF FATIQUL TRACK PROPAGATION NOT
- 910"
CYIOENT,  SUDDEN RUPTURE FOR EXTENOED
11 | Vet ¥y LENGTH, LACK OF FuUSION BENTATH ROOT
PASS. NOTE TRIPLE PASS WEINFORCEMEN!
Ly = 14 VLo,
FATIGUE CRACK AROPAGATION TO LFAK N
SASE METAL. BuiriDus oF mLAST CALLY
Ve boavet s DEFORMED METAL NLAR LEAK,
M PN

FIGURE 8 = DESCRIPTION OF CrRACKS LEADING TO FINAL FaiLuRre
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USN
MARINE ENGINEERING LABORATORY
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