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ABSTRACT

Fatigue and crack-growth analyses are presented for
seven hydrofoil-foil structures (box beams) tested at the
David W. Taylor Naval Ship Research and Development Center.
The box beams were constructed of materials and details
representative of full-scale foil structures. All box
beams failed before expiration of their designed duration.
Results of the analyses indicate these procedures can be
used to predict failure in the box beams. Stress-
concentration factors and residual stresses were assumed
in the fatigue analyses. Initial flaw sizes, based on
nondestructive test techniques, were assumed in the crack-
growth analyses.

ADMINISTRATIVE INFORMATION
I'his work was funded and authorized by the Naval Sea Systems Command
y e

(03511) under Task Areas 43.422.505 and 43.422.506, Work Units 1-1730-312

and 1-1730-342 for Fiscal Years 1976-77.

INTRODUCT LON
A large-scale fatigue evaluation of hydrofoil-foil structures (box
beams) is being conducted at the David W. Taylor Naval Ship Research and
Development Center. One segment of the hydrofoil, tapered-box beam pro-
gram is the analysis of tatigue and crack-growth behavior of the struc-
tural elements. Fatigue and crack-growth analyses of seven hydrofoil box
beams are presented using predictive techniques for cumulative damage and

linear elastic fracture mechanics.

BOX-BEAM DESCRIPTION AND TESTING METHOD
I'he box beams are representative of actual hydrofoil geometry and
fabrication details. Ihe forward foil of HICH POINT (PCH-1) (Figure 1)
was used as the basis for the design of the box-beam test section; see
Figure 2. I'he cross directional arrangement of the internal stiffeners

is called "egg crate'" construction. This type of construction, which is
¥

] " 5 . » . p

Beach, J.E. et al., "A Large-Scale Fatigue Evaluation of Hydrofoil-
Foil Structures,'" SNAME/AIAA Advanced Marine Vehicles Conference (17-19
Apr 1978. A (()mplo"u- listing of references is )ti\'('ll on page 5
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typical of welded hvdrofoil foils and struts in )',\'Ht‘r.‘ll, rw]uir--w single-

sided welds to connect the cover plati=g to the internal stiffeners (close-

out) in the center section. Three methods of closure are shown in Figure 3.
lhe fatigue performance of these single-sided welds is considered poor.
Access from one side only limits the capabilities of the welder and the
nondestructive testing (NDT) of the weld, thereby increasing the proba-
bilitv of large defects being built into the structure.

lhe design of the basic hydrofoil-type, box beam is a tapered test
section 48-in. in length, having a solid "tongue" added at the top for load
application and a 6-in transition to a solid plate added at the bottom to
eliminate stress concentrations. The slot-weld configuration of box beams
1, 2, and 4 (1/2-in. HY-80 steel) is shown in Figure 4. The patch con-
figuration of box beam 3 (HY-80) is shown in Figure 5.

HY-130 and 17-4PH stainless steel are two other materials that are
being considered tor hydrofoil-foil appiications. The external geometiry
f the box beams is not changed. Based on the ratio of the yield strength
of the new material to that of EY-80, and considering commonly available

late thicknesses, the plating thickness changes—3/8 in. for HY-130 and

/16 in. for 17-4PH steels. Box beams 5 and 6 are made of HY-130, while

box heams 7 and 8 are constructed of 17-4PH. Box beam 7 has a T-weld
onfiguration (Figure 6) while Table 1 gives the material, configuration,
and test environment of each box beam.

Development of the foil-load spectrum is discussed in Reference 1.
Figure 7 shows the spectrum as a percentage of yield strength, applied to
each box beam. The maximum stress for each box beam is determined from
maximum load and measured sensitivity found from static tests, using the

following equation

= ) * (sensitivity) Ly

'Max PMax

lable 2 presents the maximum stresses for box beams 2 through 8, and Table

3} shows the stress spectra applied to box beams 2 through 8.
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FATLURE LOCATIONS
% : - - 6
The box beams were designed t« tast Eor s 10 cveles 00 t K
of 1000 cycles per block; however, all box beams tested developed fatigus
failure efore attaining the designed measure. fatigue failure w
nsidered to be the first isible through crack occurring in the 0x~be
test section. Box beam 1 experienced a static overload failure and has
not been included in the subsequent analyses. Table 4 gives the first
1 itions of failure for the box beams.
FATIGUE ANALYSES
itigue analyses were performed on each box beam, using the i X
it A
Miner cumulative damage theory in association with the Goodman law.
Cumulative damage theory assumes failure when
n./N ksl )
1 I
where n, equals the number of cycles at stress level i, and N. equal
i i
the number of cycles at stress level 1 t 1US ¢ ailure. N, is determined
i
from fatigue data for basic materials, presented as stress-versus—life
‘ ) diagrams. lhese small specimens are usually tested under fully re-
versed conditions (R=-1). The stresses applied to the box beam are not
fully reversed; however, an equivalent fully reversed stress is tound
1 1 v
ing the Goodman law
) (1 ) )
darn 1 u
where fatigue strength at a given stress ratilio
in
fatigue strength at R=-1
n
mean value of alternating stress
m
ultimate material tensile strength
u
)
Palmgren, A., "Die Lebanstauer Von Kugellagern,'" VDI-Z, Vol. 68 (1924).
Miner, M.A., "Cumulative Damage in Fatigue,' Journal of Applied

Wadsworth




the unknown equivalent fatigue strength at R=-1
u \ /,
= ) (4)
n an -
n m
i ivalent stress spectra for box beams through 8 are shown in
able 5
Fatigue life alculations were made, using a number of S-N curves for
ach ean e calculations of fatigue life for each box beam are
¢ n Appendi
FATIGUE-ANALYSES RESULTS
e b give the results of the fatigue analyses, comparing them to
141 ~be failures. Notch conditions (,K[—‘i to 3.26) were assumed
epre tative of an as-welded condition. This assumption seems valid for
ne of ¢ ¥ ( beam
wo alternative explanations for actual failures occurring sooner
redicted are (1) either the actual stress-concentration factors Kt
n the box beams were greater than 3.0, or (2) the box beam in the as-
‘ ed mdition contained residual stresses.
n analysis method similar to one used by Boeing in the PHM (patrol
)
itant mi ile hydrofoil) producibility study was used to determine
i ition that would cause failure in the box beam A relation-
p is established between }'[ and the fatigue strength at a given number
(8] . . 2
f cles, 2.y LU or 10 cycles, where most of the fatigue damage
cour a general rule, a 20-percent decrease (increase) in fatigue
trength will halve (double) the fatigue life. Baseline calculations,
15ing box-beam spectra, supported this. Table 7 presents the notch con-
litions thus calculated in Appendix A. The range of notches determined
ire within typical I".r 's for as-welded structure as reported by Ellingwood
and lomacky at the Center, except for box beam 4.
)y ¢ ' ‘ " ' y = < .
Bixler, W.D. and D.D. Miller, "Slow Crack Growth, Fracture, Fatigue
and Corrosion Assessment of Production PHM Struts and Foils," Boeing
Document D312-80437-1 (1975).
*
Conversation with Mr. D.D. Miller, Boeing Marine Systems. Boeing Co.
i
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Tensile residual stresses were included in the performed analyses of
box~beam spectra and fatigue. These stresses increased the mean-stress
levels, thereby increasing the calculated equivalent fully reversed stress
range. The residual stresses necessary to cause failure in the box beams,
based on representative as-welded conditions Kl:i.U to 3.26, are given
in Table 8, based on calculations presented in Appendix A. The residual
tensile stresses necessary for failure are within reported values.b
Residual stresses resulting from welding are reduced by postweld, thermal
stress relief, heat treatment.’ Box beam 7 went through an aging cycle
at 1100 F, resulting in partial stress relief. Box beam 8 was solution

treated at 1900 F then aged at 1100 F, resulting in full stress relief.

CRACK-GROWTH ANALYSES
Crack-growth analyses were used to predict the lives of the box beams
subjected to load spectra. These analyses were performed using the theory
of linear elastic-fracture mechanics. Both surface flaws and through-the-
thickness cracks were modeled, and their growth was calculated.
Crack-growth rate is assumed to be governed by

da 3 C (LK)
dN F(K)

where a = either crack depth for surface flaws or half-crack length for
through-the-thickness cracks
N = number of cycles of load

C,n = material constants

F(K) = 1 for PARIS equation
= (I—R)KC—AK for FORMAN equation
AK = stress-intensity range at crack tip
R = ratio of minimum to maximum stress for each load cycle
KC = critical stress-intensity factor for unstable crack growth

6"Structural Steel Design,'" Edited by L. Tall, Ronald Press Company,
New York (1974).

7"Weld1ng Handbook, Section 1," Edited by A.L. Phillips, American
Welding Society, p. 5.29 (1969).




The main variable determining crack growth is the stress intensity
factor. The equation used to calculate stress-intensity range at the

crack tip was

g :
R = Mk for surface flaws (ba)
Q
or
\K = Ao ¥ma F(a/w) for through cracks (6b)
where 0 = nominal stress range
Mk = backface correction factor
(Q = flaw-shape parameter

)

- E°-0.212 ( >
;

where E = elliptical integral of the second kind for the surface flaw.
lhe following term is used to apply a correction for a through crack in a

finite-width plate.

. . ‘ ma
F(a/w) = ysee 5 (7)
wlere b = half-width of plate. The analyses were performed using a modi-

fied version of a crack-growth computer program, CRACKS II.H The program
was modified to allow for varving surface-flaw shapes. This and other
modifications are discussed in detail in Reference 9. Analyses were per-
formed for various flaws, using the Paris and Forman equations both with
and without retardation. lhe Willenborg reardation model was used with
an assumed plane-stress yield zone. Retardation accounts for residual
compressive stresses at the crack tip induced by high-tensile overloads.
Ihe crack then takes time to progress through the yield zone, slowing
crack growth for the subsequent smaller loads. By using the Willenborg
model, reduced effective stresses may be calculated for t e lower loads
to retard the crack growth.

8 "y oo " o
Engle, R.M., "CRACKS Il User's Manual,'" Structures Department, Air
Force Flight Dynamics Laboratory, Dayton, Ohio, AFFDI-TM-74-173 (1974).

9 " '

Marchica, N.V. et al., "A Fatigue Crack Propagation Analysis Program
Using Interactive Computer Graphics," Symposium on Applications of Com-
puter Methods in Engineering (23-26 Aug 1977).

—




The material crack-growth constants are calculated from available
da/dN versus OK data. These constants vary according to material, envi-
ronment, stress ratio, and testing technique. For each type of material
and environment there is usually a wide scatter of data. N Crack-growth
constants used in these analyses represent upper-bound (fastest rates)
growth data. This assumption would be a conservative estimate used in
design. Most crack-growth data are obtained at /K levels from 20 to 100
ksi vin. A curve is fitted to these data on a log-1log plot so that C and
n constants of Equation (5) can be determined. This represents the best
estimate of crack growth between the LK levels. The curve is then extrapo-
lated to lower AK levels until the threshold AK (LKLh) is reached. The
actual growth relationship would be as shown in Figure 8. This extrapola-
tion can result in error for loads that produce low AK levels, typical for
surface flaws. These kinds of data are difficult and costly to obtain,
s0, usually, the original curve must be extrapolated. However, crack-
growth data at low AK are needed.

Initial flaw size and shape are major assumptions in a crack-growth
analysis. These are critical because they determine the stress-intensity
range AK and, thus, the crack growth. Even slight changes in tlaw size
and shape can significantly alter the crack growth and the life of the
box beams. Initial flaw sizes were based on the smallest crack that could
be detected using NDT techniques. Limits for the eddyv-current, X-ray, and
ultrasonics methods were used for initial flaw sizes; see Figure 9.

Analyses were performed on each box beam to predict the time to {irst
failure. Failure is defined as the time for a surface flaw to grow to a
through-the-thickness crack. Predictions were made, using the three
initial flaw shapes and the Paris and Forman equations with and without
the effects of retardation. Twelve different life predictions were made

for each box beam; results of these analyses are given in Appendix B.

10
Clark, W.G. and S.J. Hudak, Jr., "Variability in Fatigue Crack Growth

Rate Testing,'" Journal of Testing and Evaluation, Vol. 3 (Nov 1975).




After a through crack appears in the box beam, additional load appli-

ations will result in further crack growth. Crack-length measurements
in be taken during the testing, providing specific data for crack length
versus number of load blocks. Analyses can then be performed by knowing
the initial crack length that was measured. Predictions can be made using
Paris and Forman equations with and without retardation. Some of the
rack-growth measurements were taken for a limited crack length or number

f load blocks, and no predictions of growth were made. Box beams 5
through 7 conta'ned through cracks that provided enough data to compare
with predictions. Since initial and intermediate crack lengths were known,
onclusions couid be made as to which model produced the best results.

so different crack~growth data could be used to calculate C and n, which

ight give closer predictions. Data and results of through-crack growth

ire presented in Appendix C.
CRACK-GROWTH ANALYSES RESULTS

URFACE FLAWS

Surface-flaw analyses were used to try to predict the time to first
failure of each box beam. Detailed results are given in Appendix B.
lable 9 contains the closest predictions for each box beam. Two possible
ituations could exist to explain discrepancies in actual versus predicted
lives. They are either (1) an initial flaw size that was different from
that assumed, or (2) crack-growth data, used to calculate the constants
¢ and n for Equation (5), did not adequately represent crack growth in the
box beam. As the crack-growth data used were upper-bound (faster growth)
data, a shorter life prediction would most likely occur.

lhe ultrasonic surface flaw, combined with the Forman-unretarded
equation, came closest to predicting failure for HY-80 box beams 2 through

4. All other predictions were much greater than the actual life.




The Paris equation came closest to predicting failure for the eddy-
current flaw in HY-130 box beams 5 and 6. Retardation gave the closest
values for box beam 5 in saltwater, while the unretarded equation gave a
better fit for box beam 6 in air.

The duration of box beam 7, tested in saltwater, was best predicted
for an X-ray flaw with a Forman retarded equation. This box beam was con-
structed of vacuum-melted 17-4PH, directly aged at 1100 F, having a yield
stress of 112 ksi.

Box beam 8 was constructed of vacuum-melted solution-treated and aged
17-4PH H 1100 and was tested in saltwater. This material had a yield
stress of 153 ksi. The Paris-retarded equation with eddy-current and

X-ray flaws gave the closest values of predicted life.

THROUGH CRACKS

Crack-growth data were available for three through cracks each on box
beams 5 and 6 and for one through crack each on box beams 7 and 8. Due to
limited data for some of the cracks, only four cracks were used to check
predicted values. Since specific crack-growth data are available, these
analyses should give the best indication as to which model equation and
retardat ion is most applicable for each box beam. The complete analyses
are contained in Appendix C.

For all the box beams, the Paris '"retarded" model fits the data best.
Over the whole time of growth this model "predicted" slightly faster growth
than actually occurred, except for box beam 7, where it showed slightly
slower growth. To make comparisons, material constants C and n were cal-
culated for lower-bound (slower) crack-growth data and for the average of
lower- and upper-bound data. These constants were used to make new pre-

dictions using the Paris retarded model on box beams 5 and 6 and with the

Paris '"unretarded" model on box beam 7. Results are shown in Figures 10
through 13. The average values came closest to predicting the crack growth

for each of the through cracks.
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FURTHER ANALYSIS OF SURFACE FLAWS

Using the models which best predicted the through-crack growth,
malyses were performed again for various initial flaws in box beams 5
e Appendix D. For box beam 5, having average material con-

‘tants. the X-ray-flaw analysis predicted failure within 8 percent of the

e

tual life. No other significantly better predictions were shown.

NOTCH ANALYSE!
A notch-deformation and cumulative damage-analysis computer program

FRESP was used to determine the crack-initiation periods for box beams

hrough 8. lhe stress-strain history at the notches was simulated,
1 on properties of basic materials, stress level, and notch geometry.

f fatigue strength-reduction factors K_ was assumed for the

all e ) A

e damage accumulation algorithm is

147 €
1/m
; 1 Ld
D - - - (8)
1 N
i
where m and are experimental regression constants
- th '
;. ds the i train-amplitude reversal
i
; 3 th ”
N is the 1 equivalent fully reversed cycle.
i |
itiation occurs when the accumulated damage reaches unity. Results of
¢ inalyse are ',\r"‘,n-nh-vl 1N ";\‘u'n(li:-'. )
tres oncentration factors K were determined for the assumed
t
itial flaws used in the crack-growth analyses, fable 10 gives the notch
veometries for the eddy-current, ultrasonic, and X-ray flaws. The l\'! for
1t ondition was determined, using the following equations from

Keference 6

K =14 2V/a/y (9)

K (0.78 + 2.24Va/; (10)

-
hDeveloped by B, Ellingwood and D. Martin at the Center iIn June 1976.

10




for 1

where q

360

/
ar/si

A comparison of these three equations, where applicable, using the thre:
surface-flaw geometries is given in Table 11. Using K _=2.5 in Equation (il
for the ultrasonic and eddy-current flaws gives similar K, 1 lculated
by Equations (9) and (10). T'he "\ for the eddy-current flaw ) i t be
determined from Equation (11). The fatigue~strength, reductic factor i
£
be conservatively estimated by assuming K_=K . A K. of wa elected
for the eddy-current flaw.

Total predicted life is determined idding the redicted flaw rowt
life and the predicted initiation life; see able 12 'he initiatior
period is a small percentage of the total predicted life (f l-perce
average) and the actual test life (5.4-percent \verage) € il :

CONCLUSION

It \11 box beams tested failed before expiration heir desig
life of 7500 spectra 12D l"' cycles.

2. Fatigue analyses showed that stress—-concentrati factors from
2.4 to 7.7 and/or residual stresse from 6 to 33 ksi were necessar e
predict failure in each of the box beams.

3. Crack~-growth analyses, using linear elastic fracture echanics,
showed that initial flaws, based on NDT methods, can be used in predicting

failure

“

equation with the Willenborg retardation model

and the Paris equation without

box

in the box beams.
'hrough-crack growth can be accurately pr
for

retardation

beam.
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he crack-initiation period, determined by notch-deformation

malyses, is a small percentage (5.l-percent average) of the total pre-
28 I ¥
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of each box beam.
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5
atigue strength will halve (double) the fatigue life. [he notch condi-
tion thus calculated for box beam 2 is 3.7; for box beam 3, k =6.7.

Residual stresses of 10, 15, 20, and 30 ksi were assumed for box beams

ind 3, and fatigue lives were determined. The results are presented in

igure 16. [he residual stresses determined for Ft 3.25 are 10 ksi for

ksi for box beam 3.

ive damage calculations for box beam 4 are given in Table 15,
sed on S-N curves of Figure 17. Failure is predicted after 219,600

pectra for K =3.26. Box beam 4 failed after 6260 spectra.

-~

A relationship is established between Ft and fatigue strength at
¢
’ : . 2 N o L1, 42 S :
vie e for HY-B0 tested in air in Figure 18. 7’ T'he notched condi-
tion necessary for the box beam to fail is greater than 20, which is
1

Residual stresses of 10, 20, 30, and 35 ksi have been assumed in the

beam, ind the results are presented in Figure 19. An assumed residual

ress 33 ksi with Krti.i) will predict failure in box m 4
. X BEAM HY-130 STEEI
hicknes ). 318 Inchs Ultimate strength = 145.2 ksi.
(ksi) ‘ (ksi) J (ksi) ) (ksi)
Max Min Mean Alt
6. 48 O.00 = % ssmsmem= 0 s
45 'R P 9. 108 6. 48 §0)
1 36.48 -36.48 0 e —_——
31 2.41 34.93 4 3.6/ 8.74
) Gy LD 3.6/ 0200 =ee=— -
I8 61.04 +0.68 (). 86 10.18
*

Per convercation with Mr., D.D. Miller, Boeing Marine Systems,
Boeing Co.

)

“Gross, M.R. and H.C. Ellinghausen, "Investigation of the Fatigue
Properties of Submarine Hull Steels, U.S. Naval Engineering Experiment
Station, R&D Report 910 178, S-R0O07-01-01 (31 Aug 1960).
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K =3.13 o

t

.
(ksi) § (ksi) n/Block
n 1
g./5 19. 50 344
12.50 ). 00 312
| s B0 o 31 )4 138
6. 4B 72. 9¢ ]
34.78 69. 56 3
23463 47 .31 1
Cumulative damage calculations, based on Boeing S-N data
* 13,14 . ) B . =
Figure 20, are presented in Table 16. Failure was predicted in
spectra compared to 996 spectra to actual failure.

H

Fatigue strength at 10 cycles is related to

factor for HY-130 cycled in saltwater in Figure 21. A stress concentratior
f 2.4 was determined for box beam 5
3. BOX BEAM 6 HY-130 STEEI
Thickne: = (0.375 inch; Ultimate strength 1.52.3 kai.
. (ksi) . (ksi) ] (ksi) Fis o (ksi)
n fax Min Mean Alt
}3.88 E e AR e
& 40 .66 7 .10 33.88 6.78
] 33.88 =33088 R e
31 18 .6/ b ‘ +0. 56 |
5 77.01 7 AT e - G
138 30 .09 b) /Y 47 . 24 9.4
* ) i
U.S. Marine Engineering Laboratory, Computer Printout MEL365/65 420
l 3 3 " ) \ . - : y
Hydronautics, Incorporated, "R.R. Moore Fatigue Data for HY-130
Steel, Test Frequency = 100,000 CPM," ¢19565) .
14 . Y " 2 s "
Miller, D.D., "Hydrofoil Material Evaluation - Base Metal (& Coated
Metal) Fatigue and Fracture Studies," Boeing Document D180-15197-3
(Nov 1974).
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Cumulative damage calculations, based on Boeing S-N data Kt=5.}$ of

Failure was predicted in 59,873
curred after 2146 spectra.
is related to the stress-concentration
igure 23. A stress-concentration factor
, and 30 ksi were assumed in the box
Figure 24. An assumed residual stress

t failure in box beam 6.
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Cumulative damage calculations were based on the Boeing Company
compilation of all available 17-4PH stainless steel data.’ Figure 25
presents the relationship between stress-concentration factor and fatigue
strength at 1“3 cycles as developed in Reference 5. Stress concentrations
of 2, 3, and 4 were assumed for box beam 7, and calculations were per-
formed based on Figures 26 through 28, respectively. The results are pre~
sented in Table 18. A Ktrﬁ.» would cause failure (3051 spectra) in box
beam 7.

Residual stresses of 5 and 10 ksi were assumed for Kt=J for box beam
7, and the calculated lives were 3383 and 2196 spectra, respectively. An

assumed residual stress of 6 ksi will predict failure in box beam 7,

5. BOX BEAM 8 17-4PH H 1100 STAINLESS STEEL

Thickness = 0.3125 inch; Ultimate strength = 158 ksi.
n anx i 7Min (kﬁé) iﬂcun (Fﬁi) jAlL (Kéi)
1 35. 75 0.00 = = e
544 42.90 28.60 35, 15 F=i5
1 35.75 -35.75 000 —mm—= e
312 3%+ 35 34.23 42 .79 8.56
3 81.25 42.79 @00 meeem L e
] 38 »9.81 39.87 49 . 84 9.97
(ksi) S (ksi) n/Block
['.
9.24 18.48 Yo b
11: 74 23.48 31
14,56 29 55
35.75 ] )
31.66 63.32
22.82 45 . 64
Stress concentrations of 2 and 3 were a med tox « beam 8, and
calculations were performed based on Figures 26 and I7, respectively.

The results, presented in Table 1Y, indicate K 3.0 will predict failure

in box beam 8 (1226 spectra).
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APPENDIX B
SURFACE-FLAW ANALYSES
Surface-flaw analyses were performed for each box beam using various
initial flaw sizes and medel equations. Initial flaws were based on the
ninimum detectable crack for the following nondestructive testing

techniques.

1. Eddy Current
Ultrasonics

}. X-Ray

ich flaw was analyzed with Paris and Forman equations, both retarded and

mretarded. The process produced 12 predictions for time-to-failure
(transition to through crack) for each box beam. Table 20 shows results in
terms of number of load blocks to failure. In Table 21 the initial flaws

and models used for each analysis and box beam are ranked for closeness of

prediction to first failure. Analyses performed using the Forman equation

rive a much shorter life. [his is caused by the majority of the loads in
the spectrum having a high-stress ratio R. In the Forman equation for

Y k growth, higher R-value loads produce higher crack-growth rates for
the same stress—intensity range. The Paris equation is based only on

tress—-intensity range and does not depend on the R.

rack-growth data used were tlp;u'l'*'ﬁwlllld (faster) growth data.
irve fit was used to calculate the constants used in the crack-growt
juation. lhe HY-80 and HY-130, crack-growth rates are shown in Figures
) and 30. Crack-growth data for HY-80 and HY-130 in air : and HY-130 data
er were obtained from U.S. Steel. Very few data are available

}

for HY-80 in saltwater. An assumed rate was calculated by scaling-up the

HY-80 air data by the same ratio as the HY-130 crack-growth rate increased

) . . . % y s .
Jarsom, J.M. et al., "Fatigue-Crack Propagation in High Yield-Strength

Steels,'" Engineering Fracture Mechanics, Vol 2, pp. 301-317 (1971).
16 P g : ) ; )
Barsom, J.M. et al., "Corrosion-Fatigure Crack Propagation Below

K’C(( in Four High-Yield-Strength Steels," United States Steel, Project

89.021-024(3) (14 Dec 1970).
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from air to saltwater. Figure 31 shows crack-growth rates for 17-4PH.
Argon-oxvgen melt, H 1050 data from NRI,I; (Naval Research Laboratory) were
used for box beam 7. Vacuum melt H 1050 data, also from ?\.’Rl..]H were used
tor box beam 8.

In HY-80 box beams 2 through 4, the ultrasonic surface flaw with the
Forman unretarded equation produced the closest prediction. Other combi-
nations gave lives that were much greater than the actual life. This could
be due to the presence of a larger initial flaw size than that assumed or

.

to the crack-growth rates being greater than those represented by data.
Since the crack-growth data used to calculate the material constants were
upper-bound (faster-growth) data, the assumed initial flaw size was most
likely in error.

lhe eddy-current flaw and the Paris equation analysis best predicted

5 and 6. Equations using the retardation

IBE

he lives of HY-130 box beams
tor produced the closest prediction for box beam 5 in saltwater, while
juations using the unretarded parameter gave a better fit for bux beam 6
led in air. Table 21 shows that the eddy-current flaw with the Paris
equation is best for predicting the life of box beam 5. In box beam 6
air), Paris unretarded and Forman retarded equations in combination with
either an eddy-current or an X-ray flaw produce close results.

Box beam / was constructed of vacuum melt, 17-4PH, directly aged
eel. Since practically no crack-growth data exist for this heat treat-
ment of 17-4PH, argon-oxygen melt H 1050 was used to represent this box
beam. Both materials have a fairly low fracture toughness, compared with
other heat treatments. Using these crack-growth data to derive material
constants, a Forman retarded model works well with either an X-ray or an

eddy-current flaw to predict life.

"Crooker, T.W., "Effect of Heat Treatment on Corrosion-Fatigue Crack
Growth," Enclosure to NRL letter 6384-9N (1974).

Crooker, T.W. et al., "Influence of Experimental Factors on Corrosion-

Fatigue Crack-Growth Rate Characterization in 1/-4PH Steel," Report of
NRL Progress, pp. 21-23 (May 1976).
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Vacuum-melt, solution-treated and aged, 17-4PH H 1100 steel was used
to construct box beam 8, which was cycled in saltwater. The Paris retarded
equation model, using either an eddy-current or an X-ray flaw gave the best

life-duration predictions.
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APPENDIX C
THROUGH-CRACK ANALYSES

Once a through crack appeared in a box beam, measurements could be
taken of the growth of this crack. Box beams 5 and 6 had three through
cracks each for which data were available; box beams 7 and 8 had one crack
each. Some of the measurements were taken in a limited time frame so they
did not represent an appreciable amount of growth. Complete data covering
a large number of cycles were available for four cracks. These cracks were
analvzed using Forman and Paris equations, with and without retardation.
Figures -2 through 35 compare predictions for each crack with actual data.

For all box beams, the Paris retarded model fits the actual crack-
growth data the best. The Forman retarded and Paris unretarded models
give essentially the same results; however, both predict faster growth
than actually occurred. The Forman unretarded model does not appear to
apply at all to these box beams (5 through 7) as it gives much faster
In reviewing the total growth range, the Paris re-
tarded model seems to give slightly faster growth than occurs, except for
box beam 7, which shows slightly slower growth. Since the material crack-
growth constants were calculated from data representing the fastest rates
of growth, the predicted growth should be an upper bound. This would indi-
cate that the Paris unretarded model better predicts crack growth in box
beam 7. For comparison, material crack-growth constants were calculated
from lower-bound (slower) growth data and the average of lower and upper
bound data. These constants were then used to make new predictions for
through cracks with the Paris retarded model for box beams 5 and 6 and the
Paris unretarded model as box beam 7. The results of these analyses have
been shown in Figures 10 through 13. Crack growth for a majority of the
data points is bracketed with the lower- and upper-bound data. The average
values come closest in predicting the actual crack growth for each of the

four through cracks.
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data used for lower-bound rates were obtained from

NRL. Figure 36 shows HY-130 in air; Figures 37 and 38 show HY-130

tively, in saltwater.

et al., "Effects of lLoading Parameters on Fatigue-

Crack Growth in HY-130 Steel," NRL Memorandum Report 2822 (Jun 1974).
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0
Crooker, T.W.

and W.R. Cares, "An Exploratory Investigation of
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APPENDIX D
SURFACE-FLAW ANALYSES, USING REFINED MODELS

Once the most applicable model is determined from the through-crack
analysis (Appendix C) new predictions can be made for the surface-flaw
immalyvses. The initial flaw sizes used are the same as before. The Paris
retarded model was used for HY-130 box beams 5 and 6, and the Paris unre-
tarded model was used for box beam 7. The lower-bound and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>