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Tensian, Charpy, dynamic tear, C-399, and da/dN tests
were conducted on thraea heats of A36 steel cut from a high-
way bridge which had been taested to failure in fatigue.
Tension tasts and E-39> tests ware conducted at temperatures
ranging from 70°F to -200°F while all other tests were
conducted in the temperature range from 70°F to -50°F,

During field testing, the girder from one haeat appeared
to be more susceptible to fatigue failure than the othars,
but there were no significant differances in either fracutre
toughness or laboratory crack growth rates. Crack growth
rates decreasaed with daecreasing temperature, and did not
sppear to bae influenced by fracture toughness. The E~-399
plain strain fracture toughness test was found to be unsuit-

able for A-36 steel.
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HAPTER -~ INTRO TION

1.1 BACKGRQUND

While the number of catastrophic failures in bridges is
low, +the fact that they do occur has 1led to increasing
concarn within the engineering profession about the poten-
tial for fatigue and brittle failure in steel bridges.
Relatively recent failures resulting in human loss have been
largely responsible for heightening this concern. The fact
that some bridges develop cracks under service conditions
while others vf essentially the same design do not, leads te
some Sspeculation that the problem is at least in  part
relataed to some property of the material. As a result there
has been a recent move towards adoption of fracture tough-
nass acceptance spaecifications for bridge steels.

Unfortunately, there is a great deal of controversy
surrounding the type of acceptanca test for such a specifi-
cation. On the one hand there iz the ASTM E-399 test which
is theoretically best but is almost prohibitively expensive,
while on the other hand there is the Charpy tast which is
quite economical but is not universally accepted as valid.
Between these two are the Dynamic Tear and Bend tests. The
problem is complicated by a lack of knowledge concerning
threshold values Tor any of these tests beyond which crack-
ing becomes a problem in actual bridge structures.

During the full scale fatigue test (1)X of a highway
bridge in southeast Missouri, it became evident that certain
girders, which were identifiable by heat numbers, waere more
prone to cracking than the others. At midspan, one girder
fractured twice through the bottom flange and web, while the

other ¢three uwere loaded to essentially the same stress

¥Numbers in parenthaesis refer to entries in the list of

references



load cycles expected during the service life of the member
is equal to or less than the number of cycles to failure at
the design stress. This is known as "safe~life" design.

Typically, fatigue design data are presented in the
form of an S-N curve; a plot of possible stress fluctuations
(5) vaersus the number o~ cycles to failure (N), as shown in
Figure 1 (2). It has long baeen recognized that the S5S-H
curve is a function of material properties, geometry of the
member, and fabrication flaws. As a result, S-N diagrams
are determined by conducting fatigue tests on specimens
designed with the particular material to be wused and to
simulate fabrication flaws and details.

Because fabrication flaws are distributed randomly,
there is considerable scatter in the data from these tests.
As a rasult of this scatter and uncertainties conclerning the
magnitude and numbaer of stress cycles during the service
life of the structure, it is necessary to apply rather large
safety factors in safe-life design to ensure against failure
in the worst possible casa.

In recent years, it has been recognized that there
exist three distinct stages in fatigue failure (5ee Figure
2) (3). First is an "initiation" stage where an initial
flaw develops into a sharp-tipped notch or crack. The
number of stress cycles during this stage is a function of
material properties, magnitude of repeated load, geomatry of
the membaer, and geometry of the flaw.

The second or "growth" stage is the period during which
the net cross section of the member is gradually reduced by
stable growuth of the crack wunder repeated cyclic loading.
In bridges, this growth stage usually spans a period of cne
or more vyears during which it is possible ¢to detect and
repair the crack. Growth rate is primarily a function of
stress amplitude and material properties.

Eventually. the crack reduces the «cross section to the
critical point whaere thare is either unstable crack growth
resulting in sudden failure due to brittle fracture, ductile

tearing, or general yielding. This third or "failure"



lavels and no cracks developed. In addition, at the ends of
the eight covar plates the bottom girder <flanges develuvped
cracks at all locations while only two of the eight top
flanges developed cracks. Upon completion of the fatigue
test, arrangements were made with the U.S. Army Corps of
Enginears to salvage material from critical sections as the

bridge was demolished.

1.2 OBJECYIVES

The objectives of this work were:

1) To examine the effect of cyclic loading applied to
steel specimens made from A-36 steel cut from the
Missouri test bridge,

2) To examine the difference in fatigue crack grouth
rate betwaaen three different heats of steel usaed,

3) To examine the difference in fatigue crack growth
rate with varying temperaturas,

4) To determine the relative effectiveness of conven-
tional fracture toughness teats in determining the
susceptibility of A-36 bridge steel ¢to fatigue
cracking, and

5) To detearmine which fracture toughncss'tcst is best

as an acceptancae test for fatigue design.

1.3 FATIGUE DESIGN

Fatigue is the taechnical term for failures which are
the result of cyclic loads on a structure. Normally the
amplitude of tha nominal cyclic stress is below the yield
streangth.

Traditionally fatigue has been treatad as a total-life
phenomenon. The number of load cyclas that will cause fail-
ure is determined as & function of tha cyclic service

stress. The member is designed such that the total number of



Smax

> signifies no failure

NUMBER OF CYCLES —»

Figure 1 Typical Stress vs. Cycles to Failure
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stage, occurs without wWwarning and occurs over a very short
period of timae.

The point where unstable crack growth baegins is a func-
tion of maximum nominal stress, crack geomatry, and a prop-
arty known as fracture <toughness. This point can be
predicted reasonably weall with the aid of modern fracture
maechanics analysis. In such an analysis, the effact of crack
length and applied nominal stress are combined and expressed
as stress intensity, K. The ogeneral equation for thae calcu-

lation of K is:

K=f{g)aSa (Ea. 1)

where.,

f(g) = a paramaeter that depends upon the specimen and
crack geomatries

o = maximum nominal stress

a = erack length

The stress intensity value posseases the units ksi Sin
and may be variaed at any crack length by varying the applied
streas. There exist three basic types of crack surface
displacemaents known as modes I, II, and III as shown in
Figure 3. The opening mode, mode I, is the mode which will
be discusaed in this work and the stress intensity value
associated with this mode will heresfter be called Kg.

Physically, Kz describaes the magnitude of the elastic
stress field around the crack tip and is a measure of the
elastic energy stored in the vicinity of the crack ¢tip.
Fractura toughness of the material is expressed as Kyc, the
critical value of Kz whare unstable crack growth occurs
under planea strain conditions. A direct tast for determi-

nation of Kxg is spucified by ASTM E-399. Tests such as the
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Charpy (ASTM E-23) and Dynamic Tear (ASTM E-6064) provide for
indirect determination of fracture toughness.

Recognition of the fact that fatigue is a progressive
failure which occurs in three saparate stages paved the way
for development by the aircraft industry of a design concept
known as "fail-safe" design. The philosophy of this concept
is to provide, through a combination o? initial design and a
regular inspection program, a procedure which will ensure
that even though cracks develop, they mill be detected and
repaired before catastrophiec failure occurs. Thus, the
fraquency of inspection must be such that there is at least
one inspaction betweaen the time a crack is large enough to
be certain of detection and the time a catastrophic feilure
would occur.

Whether the safe-life or fail-safe design criterion is
used, specifications and acceptance tests must ensure that
the fatigue crack growth rate in the material of the struc-
ture is no greater than that assumed by the designer. In
the case o7 safe-life design, a crack growth rate greater
than that assumed during design would shorten the life of
the structure, creating tha potential for failure before the
end of the desired service life. In the case of fail-safe
design, a crack growth rate greater than that assumed in
daetermining the inspection interval might raesult in

catastrophic collapse before a crack was detected.

1.8 FATIGUE CRACK GROWTH ANALYSIS

The stress intensity factor, Kr, is not ¢ material
property, but merely a function of the sppliad stress, geom-
etry of the specimen and geometry of the crack (4). The
stress intensity varies during cyclic loading from a value
Kimax @t the wmaximum applied stress to Kz.sn 8t the minimum
applied stress. The difference batwaen .these is the stress

intensity range, AKz, or



AKY = KTmaw = Ktmin (Eaq. 2)

The stress intensity range can be established for any
crack length, a, on the a-N curve (Figure 4). This value is
plotted on a log-log scale versus the slope of the a-N
curve, da/dN, or the rate of crack growth (Figure 5), at
each corresponding value of a.

This plot then takes on the form shown in Figure 6 (5).
This curve is easily divided inte three regions. Region 1
is characterized by slow fatigue growth, or no growth at
all, as there exists a value of AKy below which no crack
grouth is seen. Region Il is a linear region, which Paris

(6) has described by the equation:

da/dN = ¢ (AK)*™ (Ea. 3)

where,

intercept on the da/dN axis (log AKx=0, AK=1) of
a line fitted on the linear portion of the curve.

c

slopaea of the curve.

This power relationship has been demonstreted by others
including Barsom (3). The importance of this is that the
coefficients in this equation become material properties
which describe the fatigue crack growth properties of the
steael.

The curve is not linear in Region 1II, however. This
region is characterized by rapid, unstable crack growth
which reaches final fracture quickly. Regions I and 1III
repraesent limiting values of the crack growth rate. The
crack growth rate is almost zero in Region I and almost
infinite in Region 1II. There thus exist two asymptotes at

which these limiting values ara reached. They are called



CRACK LENGTH, a—p

FAILURE

NUMBER OF CYCLES,N —»

Figure 4 Typical Crack Length Vs. Number of Cycles
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Figure 5 Determining AK and da/dN
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Figure 6 Regions of Fatigue Crack Growth
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the threshold asymptota, AK Ty, and the instability
asymptote, AKipns» respectively for zero and infinite crack

grouth.
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2.1 SUMMARY

Fatigue crack-growth rate taesta were conducted on 28
compact tension specimans from the three heats of steel
recovered from the Missouri test bridge. Tasts uwere
canductad at 70° F, 0% F and -50° F with stress intensity
ranges varying from 22 to 40 ksi Jinches.

Crack growth rate, da/dN, varied sigmoidally with
stress-intensity range from spproximataely 6.9 x 10-% to 0.7
x 10-* inches per cycla. In all cases crack growth was
slower at low temperatures then at room temperatura.

Material ©property taests including chemical analysas,
ASTM A-370 tension tests, ASTM E-23 Charpy impact tests,
ASTM E~604 dynamic tear tests, and ASTM E-399 plane- strain
fracturae toughness tests were wmade for aeach of the three
heats of steel. Charpy and dynamic tear tests were
conductad at temperatyres ranging from <-50°F to +80°F while
the tension tests and ASTM E-399 fracture toughness tasts
were conducted at temperatures ranging from ~207°F to +80°F,

Because of the high fracture toughness and limited
thickness (5/8") of the material, nonae of the ASTM E-399
fracture touphness tests satisfied the conditions for datar-
mination of the plane strain fracturae toughness. All of the
material property tests indicated essentially the same prop-

arties for all three heats of steel.

2.2 CONCLUSIONS

1. Fatigus crack grouth rates in steal recovared from
thae Missouri test bridoge are in the same range as
chose reported by Barsom for AS5TM A-36 steel. Howev-

ar, grouth rate in the test bridge steel seams to he
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considerably more sensitive to stress intensity
range, AKz, than those rcported by Barsom.

There appeared to be no significant differencan in
et ther the material prorerties or the latigue crack
agrowth behavior of the three heats of steel.
Differances in fatigue behavior between girders of
the Missouri test bridge were apparently the result
of differences in the sharpness of mechunical flaus
rather than moterial properties.

Results from fatigue crack growth tests at varying
temperatures indicate that fatigue crack grouth rate
is more likely a functien of yield strength than of
fracture toughness. Thus , it may be that none of
the fracture toughness tests are suitabl!e measures
of susceptibility to fatigue cracking.

The ASTM E-399 plane strain fracture toughness test
is not a suitable test for A-36 and similar low

carbon bridge steels.

6.The data reduction method which best serves tha

fatigue crack grouwth test is the seven-point pulyno-

mial method mentioned in ASTM E-647.

2.3 RECOMMENDATIONS

With the conclusions just mentioned in mind, the

following recommendations for further work are suggested.

1.

Develop an automated system whereby crack growth
rates could be recorded systematically and consist-
ently from test to test. With this a curvae fitting
method could be employed and more definite state-
ments concerning crack growth rates could be drauwn.
Additional tests are needed to daetermine whather
fatigue crack initistion, like fotigue-crack-grouth
rate is unaffaected by fracture toughness. If this
is in fact the case, then fracture toughness influ-

ences only the laength of ¢the critical crack at
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final fracture and rather large increases in frac-
ture toughness would be required to significantly
increase the fatigue life of a structure.

Additional work is naedad to clarify the affaeacts of
reversed stress cycles on fatigue crack growth. In
cases where the crack closes during the compressive
part of the stress cycle, there is very little if
any changa in the stress intensity, Kz, during that
part of the cycle. Thus, if astress-intensity range
is tha primary factor in fatigue crack grouwth, the
effects of the negative portion of the stress cycle

must be essentially zero.
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3.1 TESY SPECIMENS

The steel used in this investigation was ASTM A-3¢, the
type commonly used in hot-rolled shapes for bridgaes and
other steel structures. It was taken from the girders which
supported a highway bridge in southeast Missouri. The
girders were rolled from three different heats of steel. A
diagram of thae heat numbers of the beams is shown in Figure
7. Saection numbers shown in this diagram represent
locations on the bridge girders which were monitored for
cracks during the full scale testing. Beam piecaes tested in
the lab were cut from sections 2, & and 6. A tabular repre-
sentation relating the beams and their corresponding heat
numbers is shown in Table 1. The chemical properties of
each heat are listed in Table 2.

Five different tests, as listed in Table 3, wuaere
paerformed on eaeach of the three heats. Each of the test
specimens was stamped with a five digit identification code
consisting of the section number, the girder number, test
tvpe, and specimen number. The specimen locations are shoun

in Figures 8 - 19,

3.2 TENSION TESY

Taeansion tests were conducted on ASTM A-370 (7) speci-
mans of the type shoun in Figure 20 for each heat of steel.
Initial room temperature tests made in a 60,000 pound
universal hydraulic testing machine which had been adapted
to produce an analog electrical signal proportional to load.
Strain was measured with an electro-mechanical extensometer
and an automatic stress strain plot was genarated. These

tests were conducted at & strain rate which produced
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TABLE 1 HEAT NUMBERS

Section No,

2,1
2,2
2,3
2,4
6,1
4,2
,
4.4
6,1
6,2
6.3
6,6

Heat
282,484

351,680
351,680
282,484
282,484
271,981
282,484
282,484
282,684
351,680
351,680
282,484

TABLE 2 CHEMICAL PROPERTIES Percent

Heot No.
Carbon
Aluminum
Titanium
Silicon
Sul fur
Manganase
Phosphorus
Nickel
Chromium
Molybdenum
Copper
Vanadium

Boron

331,080
.22
<.01
<.01
.04
.020
.64
.012
.05
.06
.01
.11
<.01
<.0005

271,981
.23

<. 01
<.01
.06
.030
.66
.017
.02
.05
.01
.03
<.01
<.0005%

.23
<.01
<.01
.04
.019
.60
.01¢4
.02
.06
.01
.03
<.01
<.0005

19



TABLE 3 TEST SCHEDULE

Ieat Code

Jeast Tvpe

Tensile Test (A-370)
Charpy (E-23)

Plain-Strain Fracture
Toughness (E-399)
Fatigue Crack Grouwth

Tasts (E-647)
Dynamic Tear (E-604)

20



Q

o

(o]
e

(@}
™

I ! ] l I ] I 7b&3tch Line 1

C5 Cé6
E00 E4 ES £6 Bl
c7 c8

29"

Section 4,4
Bottom Flange
Heat 282,484

Figure 8 Specimen Locations, 4,4 Bottom 1

12



_<’
Match Li 1; o

Al
FlAA? f} Al
AS
v v Elmatch Line 2
F5 F6 |
-V v hd
F7 F8 F9
24
Section 4.4

Bottom Flange
Heat 282,484

4

Figure 9 Specimen Locations, 4,4 Bottom 2



/

Match line 2

A2

Ab b2
A6 N .
v
A7
A8 B1-30 D6
A9

Section 4.4

Bottom Flange
Heat 282,484

Figure 10 Specimen Locations, 4,4 Bottom 3

\

‘?Match Line 3

€



<Hatch 3

D3 D4 D5

A . A
o

v- v v

D7 D8 D9

36“

Section 4.4
Bottom Flange
Heat 282,484

Figure 11 8pecimen Locations, 4,4 Bottom 4

1£4



|
El B2 i E3 £4 ES
|
1
E6 £7 ; B8 E9 ELO
23"

Section 4,1
Bottom Flange
Heat 282,484

Figure 12 Specimen Locations, 4,1 Bottom

S2



D

AT

AY

A9

m—_m
O enaseatmpern, £~

F5

Fbé

F9

F?

F8

37"

Section 2,3
Top Flange
Heat 351,680

Figure 13 Specimen Locatians, 2,3 Top

92



D1

D2

Al
Fl Bl2-2

—e 3 A2
A3
Ab

El E2
AS

o l¢lel | |
T ] L AS

C4 cS5 )
N B2-10 F3
cé6 | c8 —v v

B27-30 T

o7 Cc9 F2 F4

37"

Section 2,3
Bottom Flange

Heat 351,680

Figure 14 Specimen Locations, 2,3 Bottom

Le



fl fz E‘IJ Eloi
[ [ T[T ]

Section 6,2
Bottom Flange
Feat 351,680

Figure 15 Specimen Locations, 6,2 Bottom

8¢



AlO
All
Al2
Al3

~

27 "

Section 4,237
Bottom Flange

Heat 271,981

Figure 16 Specimen locations, 4,2A Bottom

62



B22-29
D7
F5 Q| @ —-
F6 3| g
——F o
F7 cs cls v
—v
(i 9
F8 %7 c8
F9 c9 | clo
25"

o

Section 4,2C
Top Flange
Heat 271,981

Fiqure 17 Specimen Locations, 4,2€ Top

og



Match Line ﬂ/

27 ”

AS
D4 Ab
ES
Y. Y S ]

\ A8
Ds T

ﬁ> L A9

v E6 iZ

D6 F3

B 2

B19-21 Fé&

Section 4,2B
Top Flange
Heat 271,981

Figure 18 Specimen lLocations, 4,2B Top 1

¢



Bl2-14

Al
A2 Dl
A3
v —4- El E2 |
D2 | !
-
B1-7 ©
E3 E4
D3
v
B8-11 Fl
Match Line
27"

-

Section 4,28
Top Flange
Heat 271,381

Figure 19 Specimen Locations, 4,2B Top 2

2€



33

uauroads 3s9L 9TTSUIY g 3mbTg

g




34

a loading rate of approximately 20 ksi paer minute in the
elastic region.

It was subsequently decided +that cold temperatura
tensila tests would be required and all remaining tests were
conducted in the servo-controlled aelectro-hydraulic testing
machine that was used for ¢the da/dN tests. Low temperature
environment was provided with the test apparatus described
in saction 6.2 of this report. Because of space limitations
in the cold box, strain was measured With aelastic resistance
strain gauges and again an automatic straess-strain plot was
genarated. These tests ware conducted under load control at
a loading rate of approximately 30 ksi par minute.

Results of these tests are shown in Figure 21.
Equation 4 shown in the figure is from Barson and Rolfe and

shows the same trend as the test results.

174,000
Oya = (Oyy ¢ —=——--=--ccc-o---o ---= - 27.4) (Eq.%)
log (2+10210¢)(t+659)

where,
Oyd S .2X offset yield strength at the temperature
:nq load rate indicated by T and t raespectively,
s
Oyvg = ,2%X offset yield strangth at room temperature
and a load rise time of 100 sec., ksi
T = spaecimen temperature, °F
t = load rise time from start of load to fracture,
sec.
3.3 CHARPY TESTS

Charpy tests were run in accardance with ASTM E-23.
The specimens werea cut from tha flanges of the bridge
girders, twenty-seven from each of three heats, at the
locations shouwn in Figures 9-18. They were machined to the
dimensions shown in Figure 22.

The specimans ware tested in a Tinius Olsen Pendulum

Machine which was first calibrated by tasting a set of
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standardized spaecimens as specified by ASTM E-23. Each heat
was taestad at temperatures varying from -50° to 70°F. Thaese

rasults are presanted in Figure 23.

3.6 DYNAMIC TJEARSTESYS

Dynamic Tear tests were run in accordance with ASTM
E-606 (9). The specimens weare machined to thae dimaensions
shouwn in Figure 24. They ware cut from the flanges of the
bridge girdaers in the locations shoun in Figures 9-18.

The spscimans were tested on an MTS Vertical Drop
Weight Taest Machine. Spacimens waere tested at tempaeratures
varying from ~50°F to 70°F. The raesults are presented in

Figura 25.

d.0 E-399 TESTS

Twanty-six ASTM E-399 (10) specimens ware cut from the
girder flanges as indicated in section 3.1. Spacimen thick-
nass was the maximum thickness that could be machined from
the girder flanges. The remaining dimensions were made to
conform with the specimen thicknass and the ASTM E-399 spec-
ification for compact tension specimens (Figure 26). Startar
slots waere milled straight across and the sides of the spec-
imens were surface ground.

Specimens were tested in & 100 kip servo-controlled
elactro-hydraulic testing machine. Howevar, the 100 kip
load cell was replaced with a 10 kip load call to increase
the precision of load measurewants. Crack opening was meas-
uraed with a clip pauge fabricated to ASTM E-399 specifica-
tions. Detachable knife edges waeare positioned with a jig
and cemented to thes specimens with a cyanocrylate cemant.

All specimens except &4Clé6 were ' precracked at room
temperature uhile spaciman 44C16 and all specimans excaept

spacimen 23C1l were tested at temperatures below -58°F.
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The low temperature environment was produced in the cold box
used for the da/dN taests and described in section 4.2.

Test results ara showun in Figure 27 and Table 4. None
of the tests satisfied all of the conditions for & valid Kxc¢
test. In ogeneral, raequiremants for linear aelastic behavior
(i.@. Poax/Pa < 1.1) was satisfied only by those specimans
tested at temparatures below -100°F. Only spacimens 44C3,
44C6 and 464C16 tested at taempaeraturaes of -186°, 189°F and
~207°F, respaectivaly, satisfied tha conditions for plain
strain i.a., B>2.5(Kqg/0,,).

Although these tuwo conditions could apparently be
sstisfied by taesting at sufficiently low tamparatures it was
virtually impossible to simultaneously satisfy both thaese
requiremaents and the raquiremant that the maximum stress
intensity during the last 2.5 parcent of pracracking be less
than .6 (oys pPracracking/oys tast) Kq. Lowering the testing
tewmperature reduced the value of Kg and increased the yield
strength at the testing temperature. Both of these reducae
the paermissiblae maximum stress intensity during the last 2.5
percent of pracracking,

Although no formal set of crack growth threshold tests
was conducted, observations during precracking indicated
that the crack growth threshold at room temperature was
approximately 10 ksiSin. Howaver from a practical stand-
point it was very difficult to precrack at room temparature
Wwith manual zontrol and streass intensity less than 14
ksiJin. With equipment for programmed automatic continuous
load shedding, precracking stress intensity could be reduced
to approximately 12 ksiJin., but raeducing the stress inten-
sity below that level would rapidly increase the required
time beyond practical limits. Even 12 ksifT-. is signif-
icantly higher than the 9 ksiJTn. which would be the maximum
allowable for specimens tested at a tempaerature of -200°F
with 8 Ko valua of 30 ksiJin.

In order to raise the allowable stress intensity during

precracking, specimen 44Clé was precrackaead at a temperature
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SPEC,

23C1
23C2
23C4
23CS
23C6
23C7
23C8
2309
42C2
42C3
42C4
42C5
42C6
42C7
42C8
42C10
44C1
44c2

0.625
0.625
0.622
0.623
0.623
0.623
0.623
0.626
0.610
0.609
0.608
0.610
0.608
0.606
0.609
0.592
0.625
0.626

1.249
1.254
1.255

1.202

1.258
1.256
1.253
1.257
1.253
1.257
1.252
1.254
1.261
1.255
1.248
1.260
1.252
1.253

TABLE 4 - ASTM E-399 TEST RESULTS

PRE- MAX
CRACK Kf
TEMP. ksi
deg P V1in.
70 41.2
70 33.0
71 19.3
70 15.0
70 18.5
69 14.3
73 17.42
70 23.0
70 30.0
78 17.2
74 17.9
71 36.2
67 26.3
75 20.1
76 15.7
71 33.2
67 28.5
70 32.8

TEST
TEMP .

deg F

a
in.

0.853

0.6951
0.7485
0.6422
0.7372
0.6625
0.7311
0.6714
0.6563
0.7207
0.7122
0.7365
0.6883
0.7691
0.6812
0.7008
0.6890
0.7111

Pa
kips

1.67
2.30
2.73
2.81
2.62
2.70
2.85
3.10
3.16
1.97
2.26
2.50
3.45
2.83
2.50
2.91
2.81
2.97

MAX
kips

2.25
3.28
2.73
2.81
2.62
2.70
2.98
4.47
3.67
1.97
2.26
3.00
3.45
3.18
2.50
3.41
3.14
2.97

47.11
37.90
52.73
44.33
48.51
40.68
52.37
47.57
48.00
35.37
40.36
47.59
56.61
59.91
41.19
50.85
45.71
51.23

sC

4.27
2.07
1.47
1.53
1.58
l1.03
1.72
2.11
2.06
1.04
1.28
2.25
1.68
2.70
1.29
2.28
2.11
1.68

8.2.4*

L I I I I I B I I L B I IO B I B I I

9,1.2*%*
7.4.4%**

I B B B I I I B I B O B O I I I I |

o B B B B B B B B B B B B L B I I B

9.1.6****

o R B B B B R B B I B B B B I B I I

| 4



TABLE 4 {(Continued)

44C3 0.623 1.252 71 18.1 -186 0.7247 1.90 1.90 34,34 0.98 T T F T
44C4 0.625 1,251 71 30.9 -112 0.6880 3.19 3.19 51.85 1.84 F T F F
44C5 0.622 1.253 72 19.5 -197 0.7505 1.98 1.98 38,67 1.11. T T F F
44C6 0.623 1.253 72 18.6 -189 0.7358 1.88 1.88 35,02 1.00 T T F T
44C7 0.622 1.253 73 18.3 -103 0.7421 2.62 2.62 49.86 1.91 T T T F
44C8 0.622 1.25¢6 71 16.8 -177 0.6674 2.95 2.95 45.17 1.18 F T F F
44C9 0.621 1.253 70 17.9 -189 0.7220 2.11 2.11 37.73 1.06 T T F F
44Cl6 0.601 1.199 -197 20.7 -207 0.6740 1.52 1.52 27.37 0.85 T T F T
* T indicates specification is satisfied, and F indicates it is not satisfied

* Section 8.2.4 of ASTM E-399 defines the shape of the crack front for a valid test.

bkl Section 9.1.2 of ASTM E-399 requires that P, .,/ Pg £ 1.1
'Y Section 7.4.4 of ASTM E-399 require that Kf Suring last 2.5%29recrackw$0.6(Gyl/gyz)KQ
#a2% Section 9.1.6 of ASTM E-399 requires that a & B>2.5(KQ/€y)

Sy
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of -193°F. This raised tha maximum allowable stress inten-
sity during precracking to approximately 13.5 ksiJin.
However, the low temperature which approximately doubled the
viald stress also naearly doublad the crack growth thrashold
level and the minimum precrack stress intensity attainable
was 20 ksiJin.

Thus, it was concludaed that with a maximum thickness of
0.6 inchas it is not possible to conduct a valid Kyc test on
this material at any temperature. Observations during
pracracking of these specimans also suggast that
fatigue-crack growth is much more closely associated with
vield strength than it is with fracture toughness. Thae plot
of Rye shown in Figure 27 reveals no significant differaence

between these threae heats of staal.
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The preliminary version of ASTM E-647 usad for this
work does not in all casas comply with the final version,

which was published subsequent to these tests.

Crack growth tests were conducted using Compact Tension
(CT), Waedge-0Open-Loading (WoL) spacimens. Flanges wera
flame cut from the web, and rectangular blocks were cut from
them with a bandsawn. In Figures 9 - 18 the cutting patterns
and specimen orientation are shown for each flange esventual-
ly used. No specimen was cut so as to be within 2% of any
heat affected zone such as a flame cut or weld. This was to
ensurae that the micro-structures of all specimens were
essentially unaltered. These blocks were then machined and
ground to the dimensions shown in Figure 28. Care was taken
to ensure that the grinding process did not significantly
reduce the thickness of the specimens, but that it did leave
a smooth, well polished surface. ¢the grinding process uas
in the diraeaction perpendicular to the line of crack growth
to aid the microscopic viewing of the crack. ]

The notch opening was cut perpendicular to the direc-
tion in which the steal was rolled during fabrication. This
was done to most closely approximate tha orientation of »
crack which could form in a flange and propagate perpendicu-
larly to the axial stress field. Tha specimens ware sprayead

with a Krylon lacauer to prevent corrosion before testing.

$.2 JESY EQUIPMENT

A 100 kip Material Testing System (MTS) closed loop
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electrohydraulic sarvocontrolled test machine was used to
load the fatigue crack grouth specimens. Loading was
epplied to the specimen through clevises designed according
to ASTM E-647, Figure 29. The clevises were made of AlSI
6360 steal heat treated to a rockwell hardness of C-40. The
position of the crack was measured with two Gaertner travel-
ing microscopes mounted on micrometer slides, Figure 30.

To maintain a fixed low temperature a plexiglass box
was constructed which would fit around the specimaen and
clevises, Figures 31 and 32. The spacimen was coolad by
blowing a temperature regulated gas, primarily nitrogen,
through the box.

The 98s was blown through 1 1/2" diameter copper piping
which was installed wWwith a throttle valve that forced a
certain portion of the gas through a dewar containing liquid
nitrogen. This kept the ¢gas within a faew degrees of the
propar temperature. To fine tune the system to the exact
temperature, a small heating element made of nichrome wire
was installed in the flow and connected to a
thermo-controller. A thermocouple ralaved the temperature
of the gas to the thermo-controller, which cycled the heat-
ing elamaent on and off as needed. A second thermocouple was
inserted in a hole in the specimen to measure the tempar-
ature of the specimaen.

At the beginning of tha cooling process the systam was
circulating air, but as tha 1liquid nitrogen boiled off, the
test environment became primarily nitrogen. Every effort
was made to keep the system airtight, as any moisture enter-
ing the system condensed causing ice to collect in the

piping.

$.3 TEST PROCEDURES

Since tha objective of this experiment was to compare
the fatigue crack grouth rates of the material in ths three
hests of steel, the tests were sat up with the idea that all
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$.4 DATA REDUCTION METHODS

The values relating the crack tip growth rates, da/dN,
and the stress intensity range, AKr, must first be darived
from raw a vs. N and load range data taken during the
fatigue cra¢k grouth tests. ASTM E-647 suggests two methods
of reducing the data, the secant method and the seven point
polynomial method. For this work, both methods were employed
and compared.

For both methods, tha alternating stress intensity

value AKy Was calculated using Equation 6 (3).

AP f(a/w)
AKg = ===c—=--o=x (Ea. 6)

S(a/w)? + 6.557Ca/uw)?
¥%) x 100 (ref. 3)

The fifth order polynomial in Equation ¢, found in Barsom
and Rolfe, ias a function of specimen gaeometry.

Other compliance functions have been derived for this
specimen geomatry and can be found in refarences 6, 11 and
12. Each arrives at approximately the sams value of AK:.

The secant method is based on the assumption that the
data points lie precisely on the a-N curve. The crack
growth rate s derived using Equation 7, which yields the
slope of a straight line . connecting two consecutive points.
If the data points on the a-N curve are numbered a;,d2, ...,
an, then the value of 'a' is equal to (a; + 2ay,.1)/2 is used

to calculate AK:.
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da/dN = =--Zc--o-oo . (Ea. 7)

Sample calculations are shown in Table 5.

There is & certain amount of scatter that exists in the
raw data which the secant maethod awmplifiaes. The resulting
plot does not display the crack growth curve with much clar-
ity. The method does produce one da/dN vs. AK; dats point
for evary a-N data point after the first. Thus, for a short
tast, this method would be desirable.

The polynomial mathod utilizes a second order polynomi-
al equation to deriva the relationship for da/dN vs. AKgx.
The method uses seven consecutive data points to approximate
the a-N curve with a polynomial, thus effectively smoothing
the scatter that exists in the raw data. The original a-N
data are fitted to a curve as shown in Figure 34. The value

of a used in calculating AKg is arrived at using Equation 8.

a s b. + b;(N;-c;)/c. + b,(N;-C;)‘/Cg (Eq. 8)

wherae,

1 S (Ng - C)/Cs £+ 1

The values by, b,, and b, are thas ragression paramatears
determined by the least squares method ovar the range a;., £
a € ajen- The value a is the fitted value of crack length
at N;,. The parameters C;, = 1/2(N,_, ¢+ Ny,,) and C;, =
1/72CNg o, =~ N;_,) are used to scale tha {nput data, thus
avoiding numerical difficulties in determining the
regression parsmeters. The rate of crackgrowth at N, is
obtained from the derivative of Equatien 7, as shoun in

Equation 9.



Figure 34 Seven Point Polynomial Method
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TABLE 5 SECANT METHOD SAMPLE CALCULATIONS

a L dasdi
1.00 100,000 da au

.10 100,000 1.00x10-¢
1.10 200,000

.05 40,000 1.25%10"~¢
1.15 240,000

.05 30,000 1.67x10-¢
1.20 270,000

.05 15,000 3.33x10-¢
1.25 285.000

.10 20,000 5.00x10"¢
1.35 305.000

(da/dN)y = bCy ¢+ 2by (Ny - C)/C,2 (Eaq. 9)

The value of n used was 3, that is, 7 successive data points
ware utilized.

The data are reduced by wmoving slong the a-N curve
until there are only six points left in the curve. Data
raduction ends at this point, thus da/dN values are not
computed for six of the points in the curve, three at the
beginning, three at the end.

The polynomial was found to be far superior to the
secant mathod because it produced results which make tha a-N
curve appear to have a monotonically increasing first deriv-
ative. Because of ¢this, the polynomial wathod was used to
reduce the data for this work. Figures 35 and 36 show the
comparison batween the two wmethods using Heat 271,981 at
-50°F.
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Figure 35 Reduced Data for Heat 271,981 at -50°F
Using the Sccant Method
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Figure 36 Reduced Data for Heat 271,981 at -50°F

Using the Polynomial Method
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APT -

Twenty-eight fatigue crack growth tests were conductaed.
The raw data waere taken as previously described and reducad
to a more usable form as da/dN vs. AKr. These results were
then plotted on a log-log scale and displayed as shown in
Figures 37-645. The original data are given in the Appendix

in tabular form.

5.1 GENERAL OBSERVATIONS

It can ba observed that the data presented in Figuras
37-45 are of the sigmoidal form discussed earlier. It is
plainly seen that at low values of AKr the curve rises shar-
ply wWwith increasing AKz. It is also apparert that at
certain values of AKy, there is no crack grouth. This is
the threshold value of AKx, which varied between 22 and 24
ksidJin. Beyond ¢this the curve reaches a value of 4K at
which the da/dN vs. AKg relationship is linear on & log-log
scale. This range was genarally betwaen 28 and 38 ksi Jin.

The third region, where rapid unstabla growth

occurs as Kz,.x. approaches Kze., is not apparent from the
graphs, This is due in part to the fact that the first two
losds were shed well bafore the crack growth reached region
1I11. Only the final constant load period was allowed to
enter the third region. Howaver, no data could ba taken
during this stage, because the wmachine could not maintain
the full load <cycle. Thus, it was impossible to determine
the value of the instability asymptote. At 70°F, thae speci-
men failed by ductile tearing, wmhich could be observaed but
not measured. At both -50°F and 0°F, the specimen failed by
fracture.

A linsar regression model was set up to obtain a

least-squares fit of the linesar portion of the curves. Since



DELTA K,(MPavm)

64

20 30 40 50 60 80 100
| 1 A ) L0
102
-4
10 —
da ; -
9N (in/cycle) . (mm/cycle)__wg
103
104
166_. .
®
° HEAT 282484 |[-10°
TEMP-50" F
10-7 T T T T J
10 20 30 40 50 60 80

DELTA K,(ksivin)

Figure 37 da/dN v. 8K, for Heat 282,484 at -50°F
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Figure 38 da/dN vs. &K, for Heatl282,484 at 0°F
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Figure 40 da/dN vs. AK, for Heat 351,680 at -50°F
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Figure 41 da/dN va. AK  for Heat 351,680 at 0°F
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Figure 42 da/dN vs. AK, for Heat 351,680 at 70°F
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Figure 45 da/dN vs. AK  for Heat 271,981 at 70°F
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threshold asymptotas varied somewhat between tests, the
curves werae aevaluated between the AK:r values which encom-
rassed the linear portion for each of the nine graphs. From

this, an equation of the following form was determined.

da/dN = c(AKy)"™ (Eq. 10)

where,
c T intercept on the da/dN axis (log AKy = 0, AKg = 1)
of a lina fitted on the linear portion of the
curve.
® = slope of the line

These results are shown in Table 6.

5.2 EFFECT OF TEMPERATURE

It is generally accepted fracture mechanics theory that
the critical stress intensity value (Kyxe) describes a mate-
rial's resistance to fracture, and the higher the value., the
toughar the mataerial. In addition, as temperature
decreases, the toughness also decreases. Charpy and Dynamic
Tear taeasts conducted for this work verify this, as seen in
Figures 23 and 25.

This would lead ona to believe that as temperature
decreases and toughness als=o decreases, that the crack
growth rate would raspond by increesing. However, the
results of these tasts indicate that the oprosite is true,
that the crack growth rate actually decreases as temparature
decresases.

By plotting the esaquations, s has been done in Figures
46-48, it can be sesn that both the value of the crack
growth rate, da/dN, and the slope of the line, or rate of

change of the crack growth reste, decrease as tempearature



TABLE 6 LIMNEAR REDUCTION RESULTS

Heat
282,484

351,680

271,981

Jgmperature
-50°F
0°F
70°F

-50°F
0°F
70°F

-50°F
0°F
70°F

da/dN
da/dN
da/dN

da/dN
da/dN
da/dN

da/dN
da/dN
da/dN

Eauation

3.16
4.45
5.03

1.62
7.94%
3.98

3.98
1.7¢
3.98

10-112
190-12
10-13

1o-te
10-12
10-32

10-11
1032
10-12

AKIJ-!!
AKIQ-::
AKI‘ 06

AKI!-II
AKIC-O!

AKI‘ -29

AK;""
AKI""
AK:".‘

74



75

| Y]
-

DELTA K,(MPavm)

2'0 310 4|° 510 610 80 100
i
102
-41
10 .
4 700
-d—:l-(in/cycle) 0_500 (mm/cycle)| .s3
102
104
108
r—165
167 T | T T J
10 20 30 40 50 60 80

DELTA K.(ksivin)

Figure 46. Results for Heat 282,484
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decreases. This is true for all three heats. Thus, while
failure might occur at a lower stress intensity (Kgg) as
temperature decraases, the time to failure is significantly
longar.

This suggests that crack growth rate is not ralated to
toughness. Clark (13) stateas that crack growth rate is
instead relataed to the yield strength of the material, as
indicated by hias statement.

"Iruwin (14) has shown that ¢the size of the localized

plastic zonm at the tip of a crack is directly depeand-

ent upon the applied straess intensity-yield strength
ratio quantity sauaread, (Kyx/oy,)2. In addition, it has
been shown (here) and elseuhere that the fatigue crack
growth rate for a given material increases as the
stress intensity factor increases (15,16,17,18). There-
fore, it is apparant that the fatigue crack growth rate
incresses as the plastic 2Zone size increases, suggest-

ing that the mechaniams of fatigue crack behavior are
related to crack tip plasticity considerations.™

Teansile tests conducted on tha bridge specimens {ndi-
catae that yield strength does in fact increase with decreas-
ing temperatures. This concurs with equations shown by

Barsom & Rolfe.

174,000
Oyy= (Oyg ¢+ —~-=--e--—vmcece——- == = 27.4) (Ea. 11)

wherae,

Oygy = 0.2X% offsat yield strength at the tnmp.rnturo
and load rate indicated by T and
respactively, .si

Oye = 0.2X offsat yiaeld strength at room temperature
and a load rise time of 100 sec., ksi

T = specimen temperature, °F

t = load rise tima from start of load to fracture, sec.

Thus crack growth rate appesrs to be ‘a function of yisld

strangth and plastic zone rather than fracture toughness.
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5 FECT F J PERTY

One of the objaectives of this work was to determine
whether differences in crack growth rataes in these three
heats of steel could be attributed to differences in other
material properties.

Comparing the results shouwn in Table 5 and plotted in
Figures 49-51, it appaars that each heat axhibited similar
crack growth properties at each temparaturae. Thus, it
appears that material differences were not significant in
determining crack growth rates.

The chemical differences in the three heats are minor.
From Table 2, the percentage of carbon content in haats
282,486 and 271, 981 is identical: .23%. Heat 351,680's
carbon content is slightly lower: .22X. This hardly seems
significant, and there appear to bae no other differaences.
Toughness properties as determined by the Charpy tasts and

Dynamic Tear tests also show no apparent differences.

During the course of each test, the maximum applied
load was reduced to comply with ASTM E-647 and to prevent
tha stress intensity from becoming so large that it caused
excessive yialding at the crack tip. Loads were shed tuice
per test. This proved asignificant in analyzing tha results.

As the crack grows, Ky..x increases, which in turn
increases the plastic zone in front of the crack. The size
of the plastic zone for plane stre.s can be datermined by

Equation 12.

ry, = === [-322Z (Ea. 12)
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In test 44ED05, Krimasx 8t the point of load shedding was 39
ksi Jin, the yield strength was 37 ksi,and the plastic zone,
ry, Wwas .18%". After load shedding, Kyrmax was 26 ksi Jin. and
the plastic zone size should have beaen .03". At this point
large.plastic strains around the crack tip just before load
shedding probably increased the yield straength in the plas-
tic zone through strain hardening. This in turn reduced the
crack growth rate until the outer fringe of the new plastic
zZone had propagated to the fringe of the plastic zone
produced just before load shedding. This did not occur until
the crack had grown .08", K.,, equallaed 28.5 ksi Jin, and r,
equallaed .10".

This indicates that crack grouth curves may be
distorted in tha region below 28 ksi Jin and the actual
crack growth threshold may be lower than the 21 or 22 ksi
Jin indicated. It was also observed during precracking of
the E-399 specimens that the threshold might actually be as

low as 10 or 12ksi Jin at room temperaturae.
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FATIGUE—CRACK GRUWTI TESY DATA

SPECINEN NO. 42E 4

B20e3508 INCMHES

TEMPERATURE
[*7 ] en

00315 3000,
Qe0lle 1000«
000119 4000,
00139 40040+
040013 3000,
o.0727 40000.
Q.0016 17850,
0409503 7500
Q+00892 7000,
Q.02860 J270e
0.020600 3000«
0.0280 3000
0.0275 3000.
0.0307 3000.
Q.0301 3000,
0.0368 3030.
00437 3000.
0.0%579 3000,
00032 22000«
0e0434 33000.
0.0108 26800¢
00440 100000.
0+0052 30000.
0«0309 12020.
0.077s 13000.
00913 35000«
0.0%60 4250«
0.0539 10000,
0e0249 2000.
00090 1520«
00159 1500.
Qa0 20 1300.
0.0223 1300.
Q<0400 1300.
0«0245 1100.

O OEGRELS F

RARY

8.723
..922
2.29%9
le782
0.42%

3e324

Se302
Ge283
Tevald
8300
37906
Vet 82
10215
1le163
12092
12.085
0935
S, 0808
1713
0977
O.008
1586
3309
8.873
Te2406
Te67
7940
0+ 6353
de138
llel %0
13.408
15019
18.903
2400406
22577

a=3e 009 INCHES

o5

Jd.400
3e327
24,841
20974
2%.0:8
264320
27,852
28.026
29781
30s+020
31 e0068
Al.850
32047
33535
3.1
3bea31
36737
37339
22.795
23.56060
204003
264139
2764
29.257
3le800
J2.880
Js. 002
314593
32.207
I2eTLS
33.5937
38,303
39.631
37.200
Ja.e822

0e 902
02899
0.914
0923
0.92%5
0999
1073
1119
lelbs
lel92
1e217
1e203
1.272
1,303
1337
1391
10400
led018
lea72
LeS1¢
1520
Le6 206
1:0506
1728
leT76s
1808
1.842
1929
1.982
1.952
1968
149088
24007
2030
2+ 059

13200,

19200,

23200.

27200.

30200,

70200,

86050,

953350,
102550.
105820«
103820,
L118920.
114820,
17820,
129620,
123820.
120820,
129820.
151820,
104820,
2116206
311620.
341020.
333640
30008V
371680,
375890,
385890,
387890,
89390,
390890,
392190«
393490,
3IveTYO.
J95Uv0.



FPATIGUE=CRACK

SPECINEN AQG. 42E &

8=0.633 INCHES

TENPERATURE -S50

Ge.0212
G.0121
00,0008
00070
040063
00098
0007
000040
0.0207
0.0870
Cel247
Q.0279
0.0240
040338
0.0276
Ce 0247
00323
0.0272
00343
0+0340
0.0273
0.0230
0.032¢
0.0338
0.03%0
00291
0.0317
0.0272
0.0262
O.0209
0+0180
0.0265
0.0219
Gs0200
0.0310
000"0
Ve0311
0.0230
0.0301
0.0207
0.0293
0.0200
0.0218
G.02313
0.0311
0.0229
0+.0349
00332
0.0369
0.0893
0«0202

OEGREES F

A0

3800
1e872
Qs036
04290
0e349
O0esd6
G592
0.913
1e087
2e.182
2314
24571
2727
34240
Je342
Je027
40087
40010
5,069
$.632
0373
7+380
Be040
9,623
10.491
11.920
1le230
24800
1.007
1003
1+306
17212
2.132
20007
3.0401
e 399
JeV A
40390
S.121
$802
T304
S«960
S+.043
502693
FYel [
Jo s88
S od98
e 216
G987
4987
13388

GRUNTH TEST DATA

wn3,032 INCHES

34.743
Js. 773
23,140
23,268
23,378
23.a16
23.511
23716
26.127
28.4878
25330
29.8%90
264343
27.108
27.027
28207
20.911
29. 652
30.586
38307
32.038
32.930
33.760
36s742
35,943
30. DA e
38,278
3180
38,600
204 344
23.072
25,719

26,129 -

26,935

27913

28,045
296753
J0. 028
31.983
32,0691
34,404
33.308
360133
kL TY L)
30.002
Jle 006
32,608
300170
38763
I7.970
39 .88

e

Q09
Ged9
440
440
4440
4040
4040
4040
4240
4440
Seb0
.00
4040
4080
8.00
Ses0
4+40
LYY Y.}
4040
4240
LYY Y}
LYY Y]
4440
8400
b0
LY X
4.40
0e00
4440
2.60
2+60
2+00
2e00
24060
2060
2460
2000
2.60
2460
2000
2.00
2000
2000
280
2000
2000
2.00
200
200
2.00
209

[y

0.081
0.881
Q.900
0.907
0.916
0.919
0926
0939
0909
1.008
1.036
1.0061
1080
lel2s
1ela7
1173
L.203
1230
1.269
1.298
1.329
13536
1.388
14195
1.492
L.083
LeS1B
1.8189
L8206
1390
L0618
XY L3
1.686
1.083
1s713
le738
Le 706
le790
fe8d3
1839
Le872
1+806
19313
1.920
1 o 904
1992
2019
2007
2078
2el11 @
2138

Reproduced from

best pvailable :opg

2%010.
26930,

406350,
540670,

86700.
Q0760.
110860,
1429560,
166480,
192290,
202890,
213790,
223070,
235920,
20 3490,
2%1 000,
299110,
206630,
273980,
279480,
204010,
2044880,
292u80.
290380,
299860,
302650,
305100,
307130,
308680,
3¥0160.
416030,
43183500
441310,
452410,
464130,
471150,
419820,
400410,
aydTe40,.
496120,
502000,
804100,
306640,
$08830.
$20%30.
350880,
3376808,
04180,
09100,
Be808.
W 7380



FATIGUE-CRACK GR(.WTK TEST DATA

SPECINEN NO. 42E.0

B20.,604 INCHES w=3,010 INCHES

TEMPLRATURE -50

0e.0009
0.0053
G0.000698
G.0079
0.0119
040120
O.0141
0.0128
0.02600
0.,0229
0.0231
0.02086
G.01%98
0.0179
04009
0.0220
G.0191
0.0198
0.0192
0.0189
0ed217
0.0218
Je0240
0.0203
d.0211
0.0220
0.0228
0.0287
0.0213
0.0322
000182
0.02%0
0,022
0,002
2.0088%
0+0140
0.0211
0.0207
0.0207?
0.0220
d.02112
0.0330
0.3230
0.0200
00238
0.02600
0. 0289
0.0238
00888
00000

870,
278 e
31850.
40000
S450.
5630,
$600.
4810,
7580«
741 0.
6570.

5940 .

5120«
463 0.
2630¢
5000,
4130.
«4000.
3270.
3160,
36040.
3380.
3804Q.
3230.
2020,
2540,
20400
2960,
1750,
1780,
1330,
1220.
1290,
1330.
3330.
6810,
8400,
T240.
&770.
8110,
3380.
7900,
4800.
3330,
36840,
4000,
J200.
3000,
1890,
1290,

DEGRELS F

84245
J.526
2003
2.106
20240
L0049
2.0008
2.823
3.091
Jed20
3.517
Je0 83
3.08082
4.093
4229
s.578
4.¥00
S.422
$.782
6.018
G237
6.497
G887
7+496
d.127
8.983
10.v08
L12.007
13.597
LeasvVE?
13.813
11.820
9. 201
S¢384
2809
20298
20608
3003
3027
Je708
0.209
4931
S.802
2+902
6009
Tedlo
7563
7000
Tovo8
8099

234953
28 0201
244208
20396
264.586
24 790
294040
2%.270
28« 689
260102
20,586
27 .017
27.023
27 813
20032
28510
20.962
29438
2v-901
30.380
30:941
31490
J2.107
3R 790
33.361
340002
Jtevd2
J6e708
J6.027
37 «30%
38.140
38878
39226
230400
28100
24347
23.070
29610
20207
20828
27.492
28892189
29337
J0.002
30832
33 iV
32920
33938
34,0130
340 .880

.30
.30
430
LYY ]
4430
4,30
430
4430
.30
430
4030
4.30
4.30
4,30
430
4:30
430
2030
4.30
430
.30
430

’030

430
4430
40350
V¢ 30
430
4¢ 30
430
432
6,30
030
2000
200
2460
200
2460
2.00
2060
2. 60
200
2.00
Le60
2000
200
2000
2000
800
200

0.900
0916
0.920
0.928
Ge940
0.953
d.907
0+9812
1.003
1.027
1030
1.071
1090
Lel08
l.118
12140
1159
1e180
1.198
1217
1239
1e200
1204
1306
13206
ledauy
1370

le800V

1042)
o844
led72
o491
1800
1+5006
1818
1533
1588
1378
1597
Le®1Y
1640
1e07)
1.690
L1706
L7239
1o 700
1790
12018
1828
1.8

39Ya70.
41850,
45000.
49000,
54450,
60100,
63700,
70510.
780906
895500,
92070,
98010,
103130,
107740,
110170.
449170,
119300.
123300,
126870.
129730,
133170.
130580,
1403380.
143940,
180200,
144700,
181220,
15641200
185470,
157680,
199000,
160220,
161510,
Le2080.
1606170,
172900.
181380,
184620,
1935390.
201500.
200800,
2140380,
219180,
228910,
236160.
230228,
233880,
230000 ¢
237790,
2300600 «



FATIGUE-CRACK GROWTH TEST

SPECIMEN NO. 42E 9

DATA

020,030 INCHES wWuJ,01S INCHES

TEMPERATULE —-30

0.0220
00,0338
00109
Ge 0600
0.0206
0.0222
0.01%0
0.0221
0.0220
0.0231
Q.0179
0.0280
0.0302
0.0309
G« 0260
00280
0-.0282
0.0209
0. 0229
0.0220
04063048
Ge0216
CeQ130
0.0311
0s0271
0.0300
00139
0e0277
0.0280
0.0319
003006
0.0209
00240
Ge0238
G.0281
00209
000260
020330
040180
G.0240
0.0300
0o.0211
0.0218
0.0280
000309
0.02312
G.02912
00209
0.0208

uiy

16000.
21370,
6510,
11320,
334480,
22000,
8370.
10130,
8460,
10220.
7S00.
10930.
10900.
3490,
0930,
. 7170,
$720a
3810,
3650.
3380,
2600«
2930.
{620
30400

2570. -

2850.
1120,
21950.
17350,
1820.
13370,
7770,
10120.
9370.
7240.
6770.
7500.
7330,
2580.
3750,
3400,
221 0.
2200,
9700,
2320,
4700,
3000,
3000,
2800.

OEGREEE: F

QAQN

leS63
L.582
le7354
1809
Le 3068
1.49%
le037
2e1 10
2.318
2479
20627
24919
3.277
4081
s.088
4,061
Y.322
6.093
6.720
7.309
7.796
Bed6?
8737
Vv.518
10931
124109
13.,02%
121310
Yo 099
6:100
Je 200
400848
2591
20789
Je 288
Jeod2
4.203
S.027
6501
7729
©e 836
6807
®e231
5.120
.08
7+631
S.819
12«008
16.869

QK

J3eS70
34.030
3596w
40.470
24427
284834
2% 903
25309
25604
26187
26+497
27 061l
27«726
284370
284980
29703
30478
30.89¢
31501

32.185

32.086
33573
33.982
34,987
35.771
36436
3T7.292
38.602
IV 124
39839
25. 1 30
25703
20,371
27,105
27 708
280380
29,276
30.452
30, Y0é
d1.976
33.J432
33.947
340336
27.222
208138
29.402
30.810
31928
33.427

4

0.793
0.837
0.83S
O.u76
0.928
Os¥33
0.961
0.940
1.001
1.0206
1048
1.073
1.103
1132
1159
1189
1218
1e236
1299
1.283
1309
1ed33
1e3006
1ed78
10403
1439
Labo
lebb0
12097
14300
13507
1.347
le6l3
1e0Jd0
1,635
teo77
1703
1736
L«749
e
30807
1.822
le 83
1.478
levdd
1943
le980
Le908
2.019

74230«

#5600.
102110.
113420,
145900,
164900,
177270«
187400,
199860,
2000840,
213580,
224810,
234510,
24 3000,
24 9930.
257100,
202820,
2656630,
270280,
273660,
277060,
279990,
2810610,
2053250,
207820.
290670,
291790,
2V IVA0.
2985090,
2979510,
312580.
320380,
339470,
339840,
387080,
3538980,
361380,
J08680.
371200.
37301 0.
J78410.
382620,
Je2820.
392520.
JV7810.
4048520,
208820,

408080,
sl10K0,

Reproduced from

best avai

lable cop

. O




FATIGUE—~CRACK GROWTH

SPECIMEN NGes 23E 23

TEST -DATA

B=0,702 INCHES  w=2.9¥8 INCHES

TEMPERATURE 70

Ge0571
Qe0797
00324
0.0083
00201
Oe«0L10
0+0100
g.0118
0«0423
00173
Oe.0227
00270
O.0288
0e0229
0.0218
00333
00276
0e.0270
00279
00294
00271
00239
020283
00194
00143
000200
00193
0002602
00002
0.0J21
00408
00118
00117
0.0288
0«0271
0.0321
0006403
de02%e
040379
0.02%1
00293
00371
G«0210
00329
o.0098
0.0087
8.0117
9001101
000300

10000,
310000.
371 0
3090,
12600,
14300,
19300.
9020,
18280.
6000,
6000.
6000.
6000,
3700.
4000.
5000,
4000,
3520
3300.
3000.
2700.
2400.
2200.
1200.
1200.
1200.
1200.
1200,
7300,
123990,
30190.
17300.
18500,
20030.
10300«
43006
3000,
3000,
$000.
3200.
J000.
3000+
$000.
48000
3000,

DEGREES F

Re0y

11.086
SeUS8
S0503
4.209
1721
1e209
1581
Le887
Ze907
3328
8.130
o708
S.371
Se760
6.226
6.893
T.892
84334
9.080
10.001
10.903
116686
12,911
13.38¢
10811
13104
0.093
Ge84aS
0094
Qs73%0
G«933
Led&?
1500
20492
Jeb76
4:982
S.920
7086
2032
Se128
Te730
Tedol
Q972
30060
202330
3.823
S.838
183
9088

32323
33415
33.T07
280130
24,357
287350
2%9.090
2%.4500
260049
264387
20833
27301
28.317
28.477
29.029
29894
304301
J1.221
3l.970
326709
33.873
34e449
35.213
JSe.720
36338
ITel 1S
37.072
37802
224080
2305069
234791
2041618
28,670
284398
20.107
27.026
20.268
29.323
Jo.8ls
31850
33.112
30319
208087
27000
27.694
27,800
20,0008
20068
29.799

Te.l0
Te10
Telo
S.09
d.08
$.05
3.08
$.08
3,09
S.09
35.08
3,99
S5.09
3,09
$5.08
S.08
508
3.08
S.09
5.08
$.08
S.0%
Se 0%
3,09
3.00
S.006
S5.0%
$¢09
298
2090
z.“
293
2093
2493
293
293
293
293
294
2.93
293
293
220
220
2.20
P 13 )
220
220

0.800
08013
Qe 879
G.8806
[ 73} )
Q.926
Qe 987
0.959
1000
1017
1. 060
1.088
1.090
11106
1e180
1el72
1200
1.228
le29%
1.284
1312
1339
1.368
1381
1397
1420
lea2)
14830
12440
1e096
1.821
i e339
1+560
L5087
1812
Lettd
1.682
1e712
1780
1778
1807
1834
1064
1.879
1«088
Le8¥2
1903
1913
1903)

12000.
22000
257100
20710«
41310¢
55810,
7131 0e
80310.
96590«
100390.
110990¢
110590,
122590.
126290
130290.
132290,
139290,
1802810.
140110,
149110.
15181 0.
136210¢
13041 0.
157610.
158481 0.
100010.
161210,
l02410.
16991 0.
293800,
323690,
300990.
3I8T490.
377400,
387790,
396290,
4064390.
409290,
414290,
417290,
430290,
423290,
420290,
432790,
435790,
438790.
AL 790,
448080,
47000,



FATIGUE~CRACK GROWTH TEST DATA

SPEC 1NEN

NGe 22E 5

B=0,703 INCHES wn3.008 INCHES

TEMPERATURE
7. ay

001332 11000.
0«0229 25000.
0+0203 17220.
G.0322 13000.
G«0338 11300.
00527 12d040.
040724 1500Q.
Ce0aBe 10000«
e 0039 13000.
0+0809 10000,
0.0002 5000«
Ce.0913 5000.
00127 30900,
00080 11910,
Gs01123 429204
00042 31300,
0«0102 27020+
00099 20430,
Qeli8s 21180,
Ge 0298 13000
00133 13000,
0.0924 11380.
0.0209 10200.
00070 4380,

0 ORGREES ¢

RAQY

3031
1.719
2.089
2.844
J.a18
4.231
S$.339
6.230
T.360
DeSla
Se047
3649
1.198
0.467s
Oe.248
0.328
0.558
Py LY
18502
2034
2482
2867
Le471
2166

13

23903
24,508
280348
2%.012
264013
20988
26.5035
29.829
Jlen78
34,001
J3%5.007
35,000
214306
21 ¢ 205
21737
21 8064
22,072
22.360
22,775
23.262
23.948
20,742
2%.479
2%.747

ee

$.08
9.0%
905
$.08
S, 35
5.0
Se08
5.08%
S 0S5
905
508
5409
293
293
293
2493
293
2093
2493
2493
2493
2493
2.93
2493

0.888
0.92%
Oeve0
0,977
1009
1,099
1.229
1185
le 209
1337
14370
1370
l1e4028
1032
leda3
1449
1439
1073
1492
13513
1e502
1573
1.600
1.610

Reproduced from

best available cop

. ©

t

36780,
6L7680.
790004
96000,
105300«
113100,
133100
143100.
153100,
163100,
168100,
173100,
203100
219010,
2357930,
89430,
3164850,
42900,
3oa080.
379080,
392080,
403400,
413660,
o1 d0e 0,

91



FPATIGUE~CRACK GROWTH TESY DATA

_SPECINEN AU,

2JE o

820,707 SNCHES w=2.908 InCHES

TEMPERATURE
Qa o

0.0232 2220«
0a0226 29280,
00353 20830,
00297 11480.
0.0436 L1500,
0+0048% 10000,
00277 $000.
0«0298 $000.
0e0218 $000.
0o 0304 9000.
00432 $000.
O.0.88 4000.
0.0194 3000,
00324 33%00.
040368 4000,
0.0482 468350.
00314 2180.
0«0202 1940,
00230 1370«
00184 243500
00040 195350,
00084 2681 0.
0«01869 23170.
0+0076 20000«
Q0112 11390,
Ce0876 €0000.
00807 10900.
[ FY-1% ¥4 50040«
Q0021 2000.
0e02212 2000.
Qe 0307 2000.
Q=032v 4900
Q0278 2000.
C-0007 30000
0s0336 3150,
Q0126 1000.
0.0140 1090.
Ge 0150 1000.
00169 1000
Ge0L 79 1000.
QGe0109 1200.
Ge 0223 1000.
Qe 0249 1300

0 DEGRELS &

4.00t
2101
24507
Ja.ina
4elal
4478
S.112
3.708
®e 843
Te141
Te961
Se 77
9.1859
P« 839
11388
tdeu?6
10348
®e830
20088
L2311
0.87%
[ IT 1 3
[ T 1% ]
1403
1714
“.009
S.989
7<006
genl 8
L 21 L)
¥e$I?
Y012
8807
4299
11280
lbe dIS
16321
15700
173198
$1ve«001
21.089
234870
20.980

33,487
20,803
25.327
25.905
26.633
27 .605
28.19¢
28.792
29.448
30,260
31.230
322432
32.938
IJe¥l0
35.034
360340
37.783
37.060
38.231
23.327
232037
23.896
24.028
24290
240743
27 59¢
29030
29763
30.877
Jles90
32.500
A3.708
J4e501
32.301
33770
I8 333
3s.071
339910
36,853
37923
394170
S0.007
424333

7.10
$.09
S.006
S.08
S.08
5,99
3.09
508
5,08
$.08
B.03
Se00
$.,09
5.09
3.0
Se0s
Se0a
309
503

Q.073
0a940
Qe 969
1001
12030
1.082
l1e.108

1133

1e362
1198
1233
1208
1294
Lal2e
1.363
Ls811)
10406
1 s006
1490
10097
1.910
Le321
1526
Le%63
1.95%50
1654
10697
1e728
1737
1e772
1798
1.824
leB8a}
1.922
1e947
1958
1.972
1.980
24003
24020
24000
Re0B2
2. 008

29220,
SJd470.
80300,
92180,
163680.
113680,
118680,
123640,
1260600
133080,
1380680,
162080,
145080,
1eY180.
193160,
197030,
159180.
160720,
162090,
1868590«
206140,
232960«
25412 0.
274120«
20971 0.
329710
3IV71 0.
348710
3Je8710.
350710.
38271 0.
355710.
3srrno.
J8TT10.
370960,
371660,
372060,
JTI800.
374060,
37906 0.
I76860.
377880,
374800.



- FATLIGUE-CRACK GROWNTH TESYT DATA

SPECIMEN NO. 62E 1

BR0,725 INCHES

TEMPERATURE -S5O

R2a

040043
0.90238
0.0401
0.0389
0.021%
90,0238
Oe 1217
0.0188
0.0143
0.0150
0.,0200
0.0323
0.0340
%0.038%
0.0284
00308
0.0150
0.02a1
Q0806
0.0279
00,0231
0.0250
0.022%
Je 0523
O.0204
0.0107
Ge0812
0.0538
0.0377
0.0398
040340
0.083%
0.01127
Q.01801
0.0009%
0.0371
0.088¢
0.0242
O0«0029%

11120.
22270.
18290,
12340.
8000,
10000+
10000.
7830,
12000.
12030.
19320.
11220.
10280.
7500.
4720.
4520.
2390.
S000.
4030,
2720,
L1770.
17480.
2330.
1680.
«0000.
23990
20000.
23960«
8070.
5030,
2000.
$900e
2000.
1000.
3000.
9250.
7600
2200,
2000.

w=3 4,000 INCHES

DEGLREES F

QAQD

Je.008
2.023
24192
2.308
24430
2318
1991
le796
1.633
le727
2438
3J.349
40493
S5.420
5.7%0
0818
7.352
Y4909
L1a003
11+068
13901
13.229
4.729
2309
1e481
1720
20362
3990
Se542
6.989
#.002
6.332
[ TY ¥4
4000
8.307
13.710
15.946
18.0950

us

23902
204598
28,938
25.481
25.856
204397
20.824
27100
27.450
27.767
28364
28.97s
29.870
30.743
31872
32.293
32.709
33.806
IS P38
33.96¢
30.735
37.849
38.0489
38.474
23.796
24,601
250609
27542
28,750
294632
JLe013
32,404
33.901
33.339
28.487
30.4%0
I8 .10
36.012
38.010

$.23
Se23
S.23
$.23
S.23
Se23
$.23
S.23
Se23
.23
Se23
s.z,
$S.43
S.23
Se2s
S5.23
3.23
S5.23
S.23
S5.23
$.23
S.23
S5.23
Se23
3403
3.03
303
3.03
3.03
3.03
303
3403
303
3.03
233
253
253
2453
2053

A

0.873
0.915
0936
O« 9060
0.988
1017
1.038
1.052
1069
1¢ 08s
le110
1137
1173
1e211
1237
1.267
le282
1320
L4387
1.389
1e4013
1e443
1450
1.460
1.526
1561}
1397
le602
1698
1723
1760
1.803
1.819
1.820
1832
1.880
19618
1.991
2.026

Reproduced from
best available copy.

49140,
71410.
89700¢
102040.
110040,
120040,
130040,
137890.
149890,
161890.
L77210.
184230.
198310.
200010.
210730,
219550,
217940,
222940,
226970,
229090,
231460,
233240,
235870.
237250.
277250
302290.
322250«
34621 0.
3940880,
359880.
364480,
369880.
371880,
372880.
375880,
383130.
392730.
396730,
396730,

93



FATIGUE~CRACK GROWTA TEST DATA

SPECIMEN NO. 23E 6

8=0,703 INCHES

TENPERATURE
Rs oN

00730 10260,
0.0102 184800,
0.0110 18000,
G« 0397 20100,
0.0302 18660,
040007 12870,
0.0332 10000.
Q.01086 9000,
Ge029) $000.
GR84S $000.
0e«0220 3000,
0e3307 $5000.
0« 04093 $000.
0«0399 5000.
0.0223 2500,
0.022% 2500,
0.0248 2500.
0002067 23530,
0.0294 2900,
00338 29580,
0.0183 1200,
0.0371 $821 0.
0.0048 20000.
00009 19230,
0.0008 16810,
00090 20200«
0+0120 20000,
00147 20000
040240 20000,
0+0038 26000,
0.0308 10000.
00007 10000.
0.03 09 1680.
0.0387 8960,
0.0282 4000,
0. 0337 4080,
0.0202 3000,
0.0288 2000.
0.0290 2000,
G.0348 5300,

0 DEGREES ¢

2.866
2.109
1.729
1,902
2404
2864
3.802
8. 727
59327
.003
0,830
7.200
T+79¢
B.054
9.127
Y718
10,060
1l-4038
11,219
4410
2.238
0.522
0.322
04300
0.311
0e 487
0.0883
1343
20006
Ja0112
4,082
4,766
$.0006
ce 228
T.0607
2.675
Y4.302
9.008
92.289
7.106

=3,008 INCHES

32.800
23,903
24249
20725
28.,420
26,0954
20,817
27.308
2TT006
28,377
29155
29977
J0.901
32,03»
32.699
33.242
33,970
Jeo V2
38,910
36. 00y
30 ..366

22779

22,860
22.990
229592
23007
23.290
23732
26,403
20137
27.171
284906
280,543
30.539
31.3%0
32793
33.040
38,353
39.343
1. 791

1'”
$.09
$.08
S+ 07
5.07
$.07
5.08
S.06
S5.06
5.00
5,058
S.38
S.00
5.“
s.o‘
S.08
S$.08
$5.08
3,089
$.08
5009

0,840
0.8083
0.906
0.930
0971
1.009
1,038
le 071
1.002
1.120
lel%6
1.190
le224
le2066
1249
1e311
1330
L1363
10397
10403
ledl}
le081
1 +0u%
1.488
te008
1498
1503
1522
14309
leb16
10609
10693
1e701}
LeT0Y
1.770
1836
1.08959
1,879
1.918

30760.
49506 0.
67560,
87660,
106320.
119190.
129190,
158190,
143190,
144190,
193190,
158190,
163190,
160190,
170090,
173190.
179690.
178190.
180690,
183270.
184470,
202680,
262680,
201880.
300090,
320690,
340090,
300690,
380690,
406090,
415690.
426690.
428370,
4373306
441330
449330,
444330,
450330.
494330,
37630.



FATIGUE~CRACK GRONTM TEST DATA

SPECINEN NO. A4E &

820,996 INCHES

TEMPERATURE 70

0« 0551
O.0L48
0«0308
Qe.0260
0«0020
G.0221
Os00ie
0.00008
00074
00006
00028
0«0%00
040561
00093
0.0160
0.0107
00081
O«1248
001187
Ge 12212
000402
0.010)
00118
Q0147
0.0132
00129
020173
Os01100
0e 01 20
0.0098
00085
00210
0.0180

5000.
8300,
20000,
20000,
260600,
3600,
10000,
$000.
$000.
3600.
4000¢
31506
3300.
6130.
30000.
31000.
12000,
1528990,
20000.
10000.
7280,
2000,
1000,
1030.
1000,
1000,
1000.
3004
500.
$00.
3000
1000.
1000,

we2,998 INCHES

DEGREES F

QADY

5.331
4. 284
24306
20846
4.89)
Se947
7.839
9.087
10.790
12290
11004
10. 790
S.570
44013
V926
0.593
0475
4,033
7500
8.618
ve.921
T+830
12309
13,248
ls,818
16,980
19.684
200,098
2008 74
20,971
200080
19.417
so88 00

Qs

34,904
29.370
264215
264919
28,906
29190
30.%34
Jle.7S8
33.101
34,249
39,879
36.975
37.302
22.571
23.500
23840
23.508
30006
J2.879
30.830
32861
330684
33.923
34.583
35.370
Jo.237
37274
37.d%0
38e007
39.327
37991
38,389
Sue0a?

600
430
4+30
4030
4.31
4310
L XY 1)
8030
0430
830
27
25
825
2030
2951
290
2449
250
2049
2.90
2,00
20,00
2600
2.00
2400
200
2400
2000
200
2000
1.80
1.49
1.80

A

Oev3IV
0.960
1000
1e002
1.130
1.162
1207
L2406
1.294
1333
1392
Le029
Le039
1.408
1500
1523
13513
1.729
1804
1.002
1.948
1.971
1970
1.908
2,002
20017
2:034
2.0048
20096
2007
2077
2,098
2338

Reproduced from

best available copy}

28020,
36320.
96320,
76320.
100920.
106520,
114320,
119820,
124820,
128120,
1321200
135270,
138570
184070,
1760070¢
205670,
217070,
370220,
396220.
400220,
Q134700
1347 0.
416470,
9174700
41870,
A1vaeT0.
220470,
420V70.
s21670.
21970
422470,
423470.
420470.

95



PATIGUE-CRACK vAURTH TEST DATA

SPECIMEN AGo 4of o

830,597 INCHES

TENPERATURE 70

G.0281
00300
0.0074
0004133
00018
00477
040421
0.0158
00350
0002643
G.0061
0000408
0.0499
020338
0.0386
D.0842
Q.05974
G.0670
O.0n00
2.08%¢
0.0110
0+.0000
0.0817
0+0849
O+1131
00822
G« 0808
040163
0.0000

5000.
L£9€C Je
124 13
5000
4500,
19006,
31000,
20000,
30000,
11350,
20000,
12600,
8000«
3030,
4080,
3300,
3000,
3540,
3100,
130000,
40000,
20000,
40000,
20000,
20000,
3008,
8100,
8000,
6000,

¥e 2993 (NCHES

DEGREES F

€Ay

4603
Te282
o712
$.703
2009
2.292
1309
1,067
203112
2998
4004808
Se 763
Q773
7811
SevVag
10937
10.587
 Je832
200646
OsT22
D977
1833
2+999
0.007
S.778
S5.099
9200
TeWi 8
3.881

32,020
J2.49%
32.8%7
33,338
33.703
24739
2%.580
29.879
268112
27158
20.663
30152
21 .490
2. 106
33.309
796
37.09%
37.027
37.708
200633
23.290
28844
27,340
29191
33.292
J4e P49
30.019
32838
33.732

6.00
6+00
6400
6,00
.00
4,30
4430
.30
4230
4. 30
4,30
4.3}
4032
4,28
4+30
4.32
4.31
[ 7% } |
44312
2.50
2.80
2.950
2.50
2.50
2.3
2.92
2.04
2,03
Le9?

A

0.792
0.821
0«80}
0.867
0.888
0.922
G.9712
c.%88
1,036
1.093
lel22
lel0}
12490
12695
1,300
Led0g
1eb1?
led18
Le836
1583
L8780
1.990
1+650
L7006
1809
1837
1.892
31937
1979

11000,

16000.

17470,
22470,
26970,
41970,

7297 0.
22970,
122970,
136320,
1543230
106920,
174920,
L1 7v920.
108570,
189570,
194570,
198070
2081370,
331170.
371170.
391170,
831170,
4855170
QTLAT7 0.
OTHLT 0,
484270,
492270,
494270,



EATIGUE~CRACK GRO®TIH TEST DATA

SPECINEN NO. 22E 1

Bw0.735 INCHES

TENPERATURE 70

2a

Q.0810
0.0148
0.0202
0.00183
00460
0.,03312
0.0%63
0.0237
0.0210
008069
S.0086
0,083}
0,0309
0.037%
Ge0392
0.0332
0.0219
000160
0.0070
0a 0048
00143
Qe0219
00139
0e 0092
Oe030808
00182
00324
0.0281
00939
0e0002
0e0112
0.0231
0.01206
0e 0008
02091
0.0202
Q00062
0. 0280
0.0238
00431
0e0170
000413

10000.
10000.
32000.
13800.
22040,
10730.
10000,
5000,
4110
7000.
6100.
30380,
3000.
3140,
3000.
2000.
1390
1000.
300e
3000
Y9050.
36690,
38740«
100000.
17000¢
180000
204870,
1001 0.
20000,
3090,
1000.
7000.
40000
3000.
3000,
4130.
3090.
3000.
2090.
2000.
1730.
2000.

'=2,997 INCHES

OEGRELS F

Qa0

9.3%8
Jelba
1.842
1991
3.000
Je896
44939
$.608
69376
T.2950
8.678
10181
11877
13378
18,082
16,369
17.454
12e079
4980
1592
Qe907
0536
0.028
Vo767
Le264
20090
30l 7
3:986
Sedl e
S.1206
4+306
JeTo7
3saad
FXY 24
4316
00207
delal
Gea?70
1le188
13¢042
18538
0de s 97

33.319
282312
28.187
28.3067
26.319
262934
27.8258
28.377
28.922
29933
31.130
32.383
33.380
34,503
3v.8%90
36,489
37.950
30.199
38.13%
38.421
22.666
234098
23.521
24.578
24543
29.407
26.578
27340
30.717
31 .830
32.170
2703
27.310
27.663
2T« 99%
28718
220439
303500
31387
324901
33709
36413

Ta37
S.29
S.29
S.29
5029
329
5.29
$.29
3.29
Se.28
5.28
S.28
S.24
$.28
S5.29
S.28
3,27
S.27
S$.29
S.29
3.08
3,08
3.08
3.08
3.08
3.08
3.08
J.08
3. 09
3.08
3. 08
206
2406
246
2646
2040
248
2008
2.43
2446
2043
2009

0.872
0.899
0+.982
0.963
1.010
Lo08S
1.088
1ell2
1.136
1181
1.227
1278
1308
1340
1.307
1e8108
1.439
14487
1.482
1 .489
1e074
1.499
1.8510
1.953
1.861
1.988
1,826
1651
1. T8
1776
1780
1.822
1.830
1839
1.847
1806
1.886
1.913
1,934
1.988
t.981
2016

25800,
35800.
65800.
79600,
101040,
112390,
122390,
127390,
131500.
138500,
184000,
189600,
153000.
150160,
159140.
161140,
102440,
16 3000,
163740,
164040,
17309%0.
200740.
245480,
345480,
J62%20.
J80820¢
401390,
$11400.
431400.
436400,
437400
8$844400.
448400,
451400,
454400,
458350,
46} 380,
484880,
4606580,
468380,
470300,
472300.

97



FATIGUE-CRACK GROWTH TEST DATA

SPECLMEN NG

820,724 INCHES

TENPERATURE
['7 ] ay

00159 1da70.
00303 17000.
0.0046 8100,
Ged08s 17000.
00292 20000,
040339 10000.
0«0260 8000,
0.0229 6000.
Q.0270 ©000.
Ge0189 4330,
G.0219 4000,
Qe.0262 4000.
040307 4000.
0.0200 4000.
Q.0232 3000,
00319 4000,
0+ 0249 2400,
0.0229 2250«
0+.0304¢ 2030,
Ge0240 2000,
0.0321 2230.
Ge0150 1100.
Ge0176 1350,
0.0208 1030,
0.0186 1000,
0.0036 10330.
004009 140000.
Ge0i88 20000,
00138 14730,
[ Y JY 1] 181350,
0.0122 11180,
0+0327 2978 0¢
Q<0299 12e00.
G.02607 9700,
0.0481 9200.
G«2353 $000.
0.0283 3600,
0.0312 30C0e
G+0098 1000.
0.0147 1000,
000138 1000,
G.0176 530
0008} $00.

23E 2

70 DEGREES F

240N

2¢5%503
1623
1.229
213538
2499
Je232
EXY Y
222
Ssaa?
%0499
S.817
6e243
0:689
Ted72
Ted77
Pe 149
10050
10997
124167
12858
140312
19.392
L2.787
4.804
L esJ20
fad28
0690
Q.823
0.936
1138
Led00
2238
3308
4,089
®s4d8
82139
P.021
11e23
13080
16209
13077
13« 223
10883

3,000 INCHES

x

24739
2%9.077
2%.010
23.3398
25 .8%4
264300
200939
27.072
28.016
280488
28991
29.582
30.220
J0.919
3le023
32.278
32900
33.4680
36,398
38811
36409
360663
37430
37771
3d.149
22449
23.0%
236 965
26 o2d
20.972
2%9.239
20,206
27.410
28e 220
aYe717
30949
38 o Pde
JJe272
33907
Jee 310
39093
38.252
38704

5.20
S.29
$.20
S.20
3.20
S.20
$.20
S.290
S$.20
S.20
9.20
S.20
S.20

S.20
919
S.19
S.20
Se16
S.20
$.20
Se16
.20
$.20
9020
3.03
303
3.00
J.00
Je03
303
3.03
3.03
3«03
303
4.0
3403
3.03
Jeba
J.02
JeOs
Je 00
J.02

0.940
0.951
0947
O+ 960
0.993%
1.022
1,030,
L.078
1,101
1.120
1.103
1.1608
1s194
L1.221
1.242
le274
1e298
1.321
10382
1376
10807
1.422
1.447
1:848
1+4506
1.408
1:528
13542
12386
1872
19582
1,619
1:607
L.0682
172
1. 787
Le783
1.823
Ledid
1838
1.858
1862
1 e 00

86370,

83370.

71470,

88470,
108470,
118470,
120470¢
132470
133670,
182870,
146470,
150470,
1544870,
158470.
163470,
1634700
167870,
170120¢
172770,
176770,
177020,
178120.
L79470.
180470,
181420,
191470,
331670,
381470,
366220
384370,
JI08S20.
421270,
433470,
443570,
82770,
457770.
460770,
43770,
484770,
3770,
400770,
467270.
7770,



FATIGUE~CRACK GROWTH TEST bﬂfA

SPEC INEN NG. 42E &

020,608 INCHES 6=3,010 INCHES

TEMPEFATURE
Qa4 b

00054 18560.
0.0080 35790,
0.000¢ 31300,
0+0023 17260,
040000 17260s
020149 45250,
0.0007 15260«
0e0l143 292806
0.02723 15900«
0.0218 5640,
0.0212 13790«
0.0326 9ubl.
O0Oe.0181 9630,
0e 0308 7060,
0.0329 10330,
Q040301 SL60.
G.0019 3660.
0+.00863 42200
Q<0209 36800
0,029 3180.
J.0271 2630.
0401130 21 1%
00300 2960.
0.0240 1600,
0.0007 1160.
Ge 0008 1290.
0.0200 360.
0.0200 11950¢
0.00060 1150.
0. 0300 10J10.
0.0163 3871 0.
0.02%0 364090.
d.0248 13000,
040308 9660,

O OEGREES P

0319
Q0.226
Qe228
0.250
0a 2006
0.526
[ I% 4 44
1480
1le907
1.588
2800
2776

3.198

3e212
4094
5,078
Led72
2907
9.816
97908
10723
10314
12,988
1d700
230190
21.7%0
22,323
Yel192
2777
1601
42139
1338
La788
20332

Qs

20,836
25,002
25, 309
29,108
2%.202
25,020
2%5.982
26,047
20,4065
20,679
2Te302
2T .903
28.503
29.1d2
29.994

‘30,0601

Jle320
32,021
32.862
33.080
34,700
38,031
36033
36.000
37.808
38.597
39,040
39.368
40,067
47.913
26.980
27.194
27.687
2d.2061

.30
4430
4.30
430
4030
4,30
8,30
4030
.30
4,39
430
430
4.30
.30
4030
430
4430
030
8030
430
4030
4030
4430
4.30
e300
4,30
4.30
430
%.00
270
24860
2,00
2.60

Reproduced from
st _available cop

O

0.938
Qev07
0.972
Oevw?0
0979
0.991
0+998,
1.027
1.008
1087
1.000
1119
l1s14})
1«70
1« 200
1.228
1.258
1.201
le311
1e309
1372
1333
1.413
1432
1.858
1488
le 698
1509
1+ 523
1381
le$91
L1633
1009
1,667

63580.
Y9370
132670,
147930,
168190,
210440,
228700,
254 v80.
270800,
276320,
29031 0.
300170,
3094800,
317080,
327990.
333680,
339310,
343830,
347210,
380390,
383020,
39 3860,
350820.
350420,
3359840,
360470,
301230,
202380,
363830,
373800,
409580,
44 3640,
456640,
486300,



100

FATIGUE—CRACK GHUSTH TEST DATA

SPECINEN NC. 42 8
820,603 INCHES W=3.004 INCHES

TENPERATURE 70 OEGREES F

]} ay Qany " 3 e a o
0.01 16 26260, 2912 24,812 430 0.948 4%5930.
0.0177 12130 1913 20,960 4.30 0,997 $8060.
0.0204 9400, Q.var 29.042 4030 0.904 66460,
0.0201 243580, 0.921 2%.371 430 0o 991 91040,
0.0100 17810, 0782 29.771% 430 1.002 104450,
0.0187 2821 0. 0«738 20.0380 430 L0106 133060«
00037 14530, 0.873 26198 4.30 I,on 147890,
0.0188 17200, 1207 26.479 4.30 1+ 039 164790,
G.0194 18300. 1e781 20,920 4430 1001 183090,
00249 13410, 2476 27. 047 4,30 1.087 196500,
0.0327 11940, 3.300 20,132 4:30 1e217 2000400
0.0324 9780. 40110 20.912 4.30 1.151 218220.
0.0060 10260, S.200 30.010 430 1197 2239880,
0.0419 7140, b 190 3l.012 .39  1.230 235620,
0.03%0 5080. T.478 32.091 430 1276 2601700.
0.0379 4710, Se«878 33.113 e 30 1e312 200410,
0.0218 2470, 9.920 330732 830 1333 204000,
0.0341 3010. 111239 3o, 701 430 14308 251090,
00030 39560, 12.818 36.224 430 letl2 295880,

0.033% 2220, 13e122 37.239 4¢30 letay 23006 0.



FATIGUE=CRACK

SPECIMEN NU. #2E 7

GROWTH

TESY

OATA

850.4637 INCHES wm3.0)12 INCHES

TEMPERATURE
QA on

Q.0270 4920,
0.0080 17520,
0.00a85 26020.
0.0042 27570.
0.0027 17610.
0.0048 24030,
0.0089 23%60.
0.00%4 27190,
0.0229 32320.
0s 0590 28180,
o0.0292 15770.
Qe024% 10000.
Qa007 107900,
0. 0084 2960,
00309 7040.
0.0421 541 0.
040319 $170.
00331 4530,
00307 I920.
Ce 0331 3630,
0.0231 2050,
00309 2870,
040330 2200«
000260 2200.
040330 2530
0+039%0 241 0.
00300 1870
0= 0222 1220
000320 1630«
Qe 0297 1470
0e0300 P880.
00913 9474,
003160 4870.
040483 J2vwd.
Qo600 3790
0e0300 2690+
Se0sed 3140.
00311 2130«

1870«

0 DEGREES F

20N

3099
1 .34
d.3062
Q206
Q.228
0299
0.438
0.696
1.15¢
148
2.376
2.93)
J.812
4.188
3083
2.901
0. 862
T.8986
872
10.348
11.08?
11.996
12.708
13,306
14,328
19,889
17.0437
19.300
12.080
de 609
0.008
CeViS
2.403
Yo 998
11.718
13.014
14,38
131712
1d.027

28.621
28.985
2954135
25193
25.204
290324
29.412
29.062Y
206.008
20,792
27.812
21923
28.647
28.47Y
25.6493
30341
dle1860
32.026
32,90
33000
34.590
J39.553
36,462
3T.027
38,663
dvaval
al.166
42,366
43.01J
43.016
29.829
J1.592
32.823
33.9H5
3%.08V
A7.247
J9.541
41.643
43,196

S50
470
4e70
470
470
470
470
4,70
4470
470
4?7
4.70
Se 79
4470
470
470
470
4470
470
4e70
470
470
470
470
470
4070
Qe 70
470
e 7
470
3400
Je00
EPY
3430
3«30
3000
Jo00
3«00
3.00

A

0876
Qo912
0.920
0.926
Qo927
04932
0.937
0950
Ce 970
1013
leO0s
1069
l.102
1e112
1s143
led73
1.200
1238
1.270
10308
1.329
1359
1.387
1419
1450
letads
1+514
leSe3
1.538
L5712
1,638
1e680
1.T18
1eTon
1708
1.818
1898
1923

20990,
seS10.
©d530.
96100,
11371 8.
137780,
161300,
188490,
220810«
26089900
260700,
274760,
205460,
288420,
295460,
301270,
3I0ma40.
3109700
314890,
3180820,
320870«
323940.
325640.
327840«
330370.
332780,
334080,
335870,
3373500.
338970
348880,
398120,
302690,
Jo5980.
369770,
JT72080.
3735000.
I7TT730
379000+

101
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FATIGUE-CRACK LROWTH TEST DATA

SPECINEN NOe SIME 2
8m0.610 INC"S u3,009 INCHES

TEMPERATURE O DGGREES F

0a oy Qa0N .3 Qe A N
0.0132 7400, Je983 . 260,525 4030 09491 30790,
0.00023 31260, 24318 25. 704 4.30 1020 62050,
0.0423 21440, 30390 26,709 4.30 1 <008 $3490.
0.0092 12400, 4797 27. 768 4030 1«118 95890,
0.0247 5210, babA2 20,299 4e30 lel82 101100,
0.0338% 4080, 7992 20,906 430 1el168 105150,
0.0318 3020, #7801 29.909 430 1193 104170,
0.021% 3Ju00. Yo BO7 30.220 430 1.222 111170.
0.0309 3060, 10.748 31,001 4030 le2952 114230«
0.0401 3660, 12.343 32. 009 .30 1292 11 7890.
0.0202 1940, 13.219 32.810 8.30 1e318 119830.
Q0.0249 1930, 13.789 33,992 4439 1360 121760«
0.0230 1740, 14.592 34,356 4e30 Le36Y 123800.
0.0333 2180, 19.343 35,36 430 lead} 125640,
9.0323 2260, 17,099 36547 430 10447 1279404
0.0298 1610, L4.997 37.519 43 1464 129580,
0.0263 1490, 21.07% 3BT .30 10493 131080,
0.0301 1250, 20.280 39.830 4«30 1.928 132290,
0.0298 1240, 4273 9.7 4.30 leS28 133830.
Q.0228 930. 2002 40.295 4.30 L+S36 136430,
0.0406% 39420, 2196 26.513 2:.60 [ X1 1R 4 173850.
0.0434 21420, ‘2650 20,080 2.60 1668 195270,
0« 0308 10300, 24901 28.97% 200 1698 203270.
00418 10500. 3404 J0i 149 2.60 1728 21 5770,
0.0243 10000, 2.999 31,6939 280 1768 223770,
040248 7030. 2.823 32.33 2080 1708 232770.
Q. 02912 4000, 2409 32.48) 260 17986 2307700
8.03113 29139« 1.964 26.992 200 1.008 201900,
00313 20010, 2.094 28.30% 2.00 L.879 asivio.
J:0318% 18130. 2.694 20.440 2.00 1.9113 297040,
000326 12000, Sed93 3ledd0 2.00 L9086 309840

03276 89000, 42.407 27,533 2:.00  1.8859 317060,
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FATIGUE~CRACK GRONTN TEST DOATA

SPECIMEN NO. 41E o
B=0.610 INCHES ws3.012 INCHES

TENPERATURE 0 OEGREELS F

24 on QADY 28 ae 4 o
040154 21470. 2.104 25.077 4430 0988 3241 0.
0.0172 20580. 1684 25.08v 430 0.989 72990«
00154 11180. 20374 25389 4.30 1.002 84170
0.0280 12720« Jes806 29952 4030 1032 96890,
0+047S 12870. Se173 26.922 4030 1,080 109760,
000093 7670. 0,646 27846 430 1123 117430.
00287 3310 Ted22 20350 430 1146 120760,
040027 1000, T«0008 28+345 430 141354 121740,
0.0287 3180. T.827 29.099 430 1.178 124920,
0.0345 4130, o082 29900 $+30 le2i1 129080.
Ced226 2720. Y.4108 30331 4030 1230 131770,
0.0218 2200. 10.034 314081 44+30 1296 133970,
Ce0473 45300 11,538 32370 4430 1300 136300~
0.0226 1310. 12.418 34e019 4430 l1e327 180610,
Jed389 2920 14,081 3aclal 430 1.364 143330
040404 3090« 16e4485 D20 4430 1408 100330,
0.0273 1870a 17.702 36813 430 1.438 147900,
00270 1400. 194139 37292 Q430 1660 109300.
09260 12%0. 19122 38.386 4e30 1490 130880,
0.0280 1530. 5702 ' 38570 4.30 1+495 182080,
0.0300 1260. 20981 39.03 4230 1.307 183340,
0.0263 32120. 1460 295173 260 1e570 185460,
0.017¢ 16990, 1.439 23.681 2460 1.589 202480,
0017 13400, Lea39 260169 2«60 140607 213910,
0.0234 17060, 2¢800 273295 260 1e630 232970,
Ge 0640 15930 400694 28016 2080 le086 248900,
0+.00%90 8¥30. G960 30.279 200 1.733 257830.
0.0322 3100 Ve 302 Il o027 260 Le733 2600930.
00196 22006 84728 31790 2060 1e772 263130,
Q.0222 2100¢ vel8s 32672 2690 1e794 205230,
9.0093 2100. 9.5280 330435 2400 1.831 207330,
Qo046 2100. 10.018 Jeed2d 2000 1831 209430,

a from }
Reproduced o capy.
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FATIGUE=CRACK GROWTH TEST LATA

_SPECINEN NO. 42E o
020,604 INCHES We2.999 INCHES

TEMPERATURE 70 DEGHEES F

T ay Qagd o5 Qe [ 1 u
020284 33006 3.997 33.9527 ®«02 0.913 29500.
0.0140 7100, 3510 24,50 4,31 0.927 30600
001408 13800, 1333 20994 e32 0.909 $0400.
0.0080 6700. 0.659 24,940 4.32 0.948 $7100.
0.0388 47750, 20132 2%9.002 .20 1.002 100050,
0.059) 27380, 3.605 27153 .30 1.072 132200.
0.0873 20000. S.001} 29.061 $¢30 Le157 152200,
00046 T400. 0.8592 30.047 431 1+194 159600,
0.0304 3000, T.7069 te902 Se32 1.227 104600,
0.0010 $000. $.909 31.830 430 1+.2068 1690600,
0e.0076 35000, 10,087 33180 30 1.312 174600.
O0e004a7 4000. 12.048 380415 .29 1357 178600,
Q0e0043 3600, 1l.210 J6e218 431 1407 182200,
00805 3000, 24401 33,951 2430 10002 195200,
Ge0202 1900, J.482 Jo.48 .30 Leo1S L80400.
00009 147300, 1.099 23.001 2.48 LeS10 333200.
Qe0076 28040, 1597 23860 2009 1.542 3012400
G.022¢ 23100, 2,083 25,088 2.50 158> 384340,
Q.0202 18000, 20943 25.773 2.350 10611 399340
O0.064)} 20000. 4028 27.06080 280 1.674 419340,
00329 6300, S,993 28.603 2.50 1702 425640,
000639 10000, 9.970 30.887 2.50 La700 435040,
000012 4000, 9290 32.109 2e09 1796 43Ye8 0.
0.0082 1000, $.796 32.179 2009 1.7T98 440640,
De0347 19090, De268 27.4d20 2.03 1802 450640,
0.021910 8000, Tedd0 29397 2003 1.880 458640,
0.005¢ 6000, 9.780 30.538 Lle90 1.930 204640,
0.0298 3100, 12.01% 31.247 1.92 1.960 7760,
00503 Joead. 1Je017 32313 1«87 2,001 470740,
0,029 2000, 13.013 340408 190 20026 472760,
0.02%8 1800, 17833 38.735 1.88 2.088 474540,

000299 1650, sese RS 33.300 1.87 4.017 476190,



FAT JIGUE-CRACK GHOWTH TEST DATA

SPECINEN NO.

B=0.,630 INCHES

TEMPERATURE 70 DEJREES F

aa

00292
0.0028
0.1592
0.0271
0.0219
Ce081a
0«0645
0.0484
00802
000293
0-0880
0sOnan
00543
0. 0564
0.0585
0.0383
0.0228
0.0100
00033
0.0080
00003
0.0194
0.0319
0.054S
0.0087
0-09%6
0.0018
006080
Q0220
0.0302
0.0297
O0e034%
00007
0.0%08
0« 0265

bl |

2830,
1100.
215000
19100,
32250¢
32550.
20000.
10000,
8000.
6000,
6J900.
6000,
6000,
5000,
4000«
110970,
11600.
25000.
12610,
17000,
17180,
34800,
27500«
20610,
12530.
10000,
8020,
4500,
3750.
73000
4500.
3750,
3220.
3490,
1000.

42E 2

240y

- 35.927

18.8470
Te748
2,923
24143
2793
3907
40992
5.809
6.560
7.317
80909
8.700
T.092
240836
0531
Ge 541
Gea 7
0098
0016
0473
12211
24300
Je 690
5. 268
6099
Ge781
0.D79
6.828
7093
e 221

12.098
19.546

204901

(2T 2 T2 ]

"=3,009 INCHES

es

29.023
29.845
32.2%4
24 254
2%.432
204139
27.333
28.178

29.137

J0.004
31.001
320223
380337
34908
3%.205
22995
22. 807
234108
23.302
23.041
23.508
2s.031
25« 029
26,6096
20. 004
Jo.242
32139
33765
24.230
30,604
Jl.771
33.d76
Ja.723
Jo.T12
30.826

6,30
8.30
6.30
8450
851
.51
.51
4.50
.50
4 .50
4450
4.%0
4,30
4 .44
4250
2462
2.60
260
2.60
2401
2661
2401
2461
2.62
261
2008
261
261
210
2.18
2410
2016
2,08
2010
210

A

0.534

0563
O.820
Q0910
Je981

1.019
1.079
L«120
le162
lel197
1237
1.202
14398
1.3087
les82
1,303
1506
1+310
1.926
1528
1.529
1551

1590
10645
1692
Le78%
1.801

18327
1809
1908
1930
1.970
20009
2070
1926

4600,
$700.
27200,
46300,
74880.
111100,
131100,
141300,
14v100,
155100.
161300,
167100,
173100,
174100,
182100,
293070.
3060470,
329670,
3442000
359260,
370430,
410930,
438630,
48¥04 0,
4713540,
481540,
S89YD4 0.
494040,
497790,
505090,
3509590,
5133580,
$16500.
520080,
321080,

105



FATIGUE-CRACK GROWTH TEST DATA

SPECIMEN NO. 41LE 1

8=0.613 INHES

TEMPERATURE
2s oy

O0.0181 2474 0.
0.0273 32390.
0.00%92 12030.
0.0339 14940,
0.0293 8510.
G.0332 6420,
Qed07S 8910,
0+,0012 4660,
0sQ0l9 5610,
000019 3770,
Qe0019 4020.
0« 0069 3520.
0«0209 2700.
0e0320 2700.
Qe.0328 2250.
0.01%0 2000«
e 0209 1900.
0.0 39 200.
0+00087 21030.
Qe0ar3 83+20.
Ce0387 211300
00600 20060,
Q<0009 138300
00301 3010«
0e 0298 25100
Qe 0804 19000
0«0130 900.
O+0200 11090.
0e0877 €350
0.022% 2000.

0 DEGREELS F

1.071
1.440
2.043
3.200
44439
$.30%
T+ 084
8072
9.59)
10.462
11240
12.029
11.863
12.203
131693
11200
S<126
2.918
1524
2009
20708
3969
®eb16
Pe036
G 390
Y419
Ss020
D978
11208
Tue 208

=3 000 INCHES

26 .86
23.2s1
28.626
28.261
26.743
27.383
28.%85
20.308
30.350e
31.521
32.739
34.018
3%5.968
Je.lo2
3z.087
38.167
38.196
38.512
24,288
28.307
27.771
29.836
32.458
33.439
34.3%2
35.631
35.847
29.481
30.316
2T.802

4.39
430
Se31
4. 31
Se31
4031
4031
430
430
430
0430
430
¢ 30
63
830
830
4.30
4030
2060
2060
2.860
2.00
260
2,60
2.60
2.60
2060
200
200
200

4

Q977
0« 999
L.016
1e 049
le072
14103
14198
le109
Le237
1.27¢
le319
1362
1395
1.428
14058
1. 884
L4084
1093
1.933
1014
1.659
1.720
1788
1.809
1.829
1,855
1.859
190>
‘ .’a
1.889

50270,

80660,

928690,
113630,
122140,
1283560,
137670,
142130,
1357740,
131510.
195530,
159060
161790«
164450,
166700«
168700«
170200.
170700.
192330«
245780,
206480+
286940,
300770,
303780.
306290,
308190,
309090«
320180,
320830,
320830.

106
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FATIGUE~CRACK GROWTH. TEST DATA

SPECINEN NO. 418 §
920,810 INCNES Wal.0L1 INCHES
TENPERATURE ~80 OEIREES F

24 o 2s08 Y oe [} ]
00200 20430, le 098 23,258 e 30 [ 134 . 90380.
Ge.0188 18140, 1:348 29,006 30 1020 104490,
0.0227 15220« 1830 20.143 4430 1e00} 123710,
040498 21240 14042 27,047 4433 1077 146284,
0.0189 11300, 1.788 27.298 430 1098 196880,
0a.0184 12470, Ls908 27.770 430 Le8)9 16vA20,.
De.020¢ 184200 " 2e872 28.370 430 lelee 185840,
000278 11070, J.807 29,030 4030 1ed79 196910,
0+03008 9000, 4440 29.807 4+ 30 1207 208910,
0.0083 12000, G6.126 31.318 4.30 1e208 217910,
0o 0062 90680, 8108 33.080 40 29 1e331 227590,
040209 3000, Y.070 33.900 4430 1356 220%90,
0.0272 3000« LJel@S 34,792 4¢30 1,383 23384940,
0.0322 3060, 11.337 J8.7276 430 1:8189 236680,
Ce0339 2780, 12759 36.872 830 1eda?7 239430,
00000 3000, 14.478 38,342 4430 Lol 262430,
0.0200 1780. 18.517 39.302 4:390 1314 2040180,
00477 1000 17.72243 80,028 8030 1331 2408180,
00108 1000, 17.2282 $0. 8382 4030 1832 200180,
Qe 01 80 1000, 2.580 40.443 4.30 1+952 247180,
8. 0218 1000» 1004 Sle2484 530 1300 2041080,

0,032 47280, 1.808 27,667 270 106228 295430,
Q.0320 16830, 2290 28.672 2.70 10656 310960,
0.0280 11000, 2488 29.892 2.70 1082 321980.

0.0307 10000, J.8%1 J0ebve 270 1¢713 331980,
G.0207 8000, D463 31evdld 270 L7049 3399860,
0.0310 $000. 70218 33s 046 270 Le773 344900,
0.032) 3000, 10538 380002 270 Le7¥S 347060,
S.0200 2020, 12508 38« 001 270 1.017 309980,
0.0201% 2000. Lacu9e 36.261 270 L.003 391960,
0.0377 2120 17992 37940 2«70 1073 394080,
0.0230 1090, 19.638 39009 270 Y, 389170,
60132 760. 2147 39,992 2.70 1.912 359930,
0.0180 960, 20918 LIWRY 1] 208 1.93¢ 306490,
9.0217 910, 14,141 41383 2«67 le 948 387800,

duced from
%::lma:ai\lbh copY.




PFATIGUE=CRACK GRUBNTHN TESTY DATA

SPEC INEN NU. A1E 3

880,612 INCMES we3,00. INCHES

TENPERATURE -30 DECREES P

[ PTIR Y
00172
0.02%58
0.0336
0.0448
00,0378
02306
0.0304
040201}
00207
0.0240
0003368
00620
0.0279
0.0318
0+03809
040100
00284
0.0098
0.0207
Q.0847°
Q.041e
Ce04130
000499
0.0446
0.0286
0,032
0.0377
Q0.31844
C.0230
S.3202

1644 0.
22790.
21390.
18100,
9740,
10430,
6030.
4310,
3420,
3230,
3380«
4530,
4430.
3000.
3008
2900,
3000.
18100

3530
173200
14980,
24130,
19060,
12550,
51200
3210,
26204
2200.

vSQe
12100,
4600,

Qa0n

20339
o261l
le 904
2814
3469)
LYY 1%
S. 719
Grd13
Ge 7812
T:306
TeGTA
d,212
9599
10710
Llevw9a
13.996
10.082
JeST70
le090
0.908
te02)
40298
34030
9,083
S8 78
Liedld
se3)2
44900
Gl T8
2403
58817

25. 852
20190
26787
27595
28.208
29e167
29. 908
30.334
31139
31771
324954
33916
Jea 706
J3.070
36. 807
37015
38581
38006
Js. 988
20143
20+ 340
2T b2
29.588
3173
32303
33299
38+ 044
30062
364330
29.738
260070

., 30
4030
.30
830
0 30
€430
S 30
4.30
4. 30
430
4,30
4,30
4030
4+30
.39
8,20
4. 30
.28
.30
2.00
2460
2+60
2460
2.60
2400
2480
2460
200
2.00
2.00

1.02%
1,043
1,072
1110
1,137
1478
1.209
1,233
1,297
1.200
1304
14300
1379
1.4009
Le082
14873
1+49)
L0891
1.501
1924
1619
16%8
1709
1792
1780
1.803
Loe840
Ledb}
L.866
1,910
1.027

49900,
72090,
94080,
1121800
121920,
132330.
1343000
142670,
186090,
149320
152700,
157230,
1616600
164660.
167680,
1701060,
171180
172970,
173800,
190820,
2677748,
291900,
310960«
323310,
328630.
341840,
334400,
330640.
337610.
49710,
35031 0.



109

FAT IGUE~CRACK GROWTH TEST DATA

SPECINEN NU. 41E &
850,628 INCHES 23,015 INCHES

TEWPERATURE ~30 OEGREES &

Q8 on QADN oK Qe A N
0.0109 43470, 0.578 24,537 8.30 %e 990 127420,
0.0211 41080, 0.793 280949 4430 1013 169100,
0.0384 40350, 1e219 25+ 5068 430 1040 209050.
0.,0208 22400. 1.647 26,123 830 1075 232050.
0.0018 21200. 2.1 081 26.8706 430 lell} 253250.
0.0347 1001 0. 2.734 274634 .30 1Ls186 209200,
00,0338 10000, 2966 284311 430 Lel 70 279260,
0.0307 12030, Je307 29.200 430 1e210 291290,
0.0348 9210. JedaS 0017 4030 12606 300800,
0,032 10430, 8450 31.085 930 1287 310930,
0.03160 0llil0es . %427 3J1.840 430 4318 317040,
0.0292 4420, 5,961 32503 4430 1330 321460,
0.0190 3550, 6.331 33.192 4.30 1362 3295010,
0.0230 3440, o.813 33.807 830 1364 328650,
0.0280 3490. T.222 34,573 430 1437 331va0.
0.0338 4810, $.019 35.307 830 Leaas 336750,
Ce002s 4020. Te9906 37.1v2 030 lLedbA 381370,
Q0.0243 3100, Be032 J8.122 4.30 1509 384470,
04,0208 J1e0. 8.0948 39.314 4430 1e540 307640,
0.02 01 2580, Ts8106 39331 4230 L34} 350190,
0.0810 2040, o188 J9« 704 4430 12981 353030.
0.0190 ©0000. Le292 25547 2060 LebO9 413030,
G 0000 206140, 1.881 26463 2060 1647 439170.
0.0169 10810, 40260 27 «239 2.60 16067 . 849540,

0.0299 112%0¢ - 20807 20,046 2080 1693 263330,



110

FATIGUE-CRACK GROWTN TEST DATA

SPECIMEN Nue 41E 7
B820.648 INCHES vwe3s.010 INCHES

TEMPERATURE 70 OEGREES F

24 oy 2400 "9 Qe A N
00000 35430, 0.703 28,100 430 0e.930 41640,
0.0079 19330« 0.023 24,297 4430 Oe 949 60970,
00098 8380. Qebld 240,403 .30 0956 09550,
0.0110 7980. Oe«040 24,49 4430 O« 961 T7T630¢
0.0089 19870. Ve0878 20,698 8430 0973 97400.
Q.0018 9000e 0«700 24,786 .30 0. 978 107000.
00070 9080. O.708¢% 20,867 4.30 0983 116080.
0.01083 190040, 1.299 2%.131 4.30 0.998 133080.
00179 186520¢ 2190 29,598 4.30 1023 131600,
00201 10520. 2.879 26.004 .30 1087 162120.
0.0309 9000. Je729 26.589 4.30 1078 171120.
0.0307 7300. 42082 27.232 4.30 1306 178700.
0.0309 7000, 94808 27.993 4430 1139 183700
0.0273 4440, 0e717 28.540 4+ 30 1.168 1901480.
S.0298 4080, Ta?66 29.247 4. 30 1193 19602204
0.0312 3600. Deude 29.980 4 30 1.223 197820.
Oe02608 32400 9.9863 30740 430 Le23%2 201 000.
G 0432 4060. 115897 31.848 4030 1298 205120.
040232 © 1880¢ L2.826 J2.046 4030 1316 206960,
0.0268 2060, 14.208 33.207 430 1300 209000,
0.0142 1070. 130246 336741 4230 1399 210070,
00180 1070, 18400 34,240 030 1375 21114800
00204 1570, 17099 JSe108 4030 1603 212710.
0.01086 1000, 18.557 38.712 4.30 1042} 213710
0.0200 ¥60. 19.907 38310 4430 1639 216670
0.0132 860 19.04) 36,979 4¢30 1439 215830,
0.0188 84 0. 24303 30974 30 1 558 210370.
0.0219 ¥350. 1.282 37.308 %30 1+ 467 217220+
Qo210 40000. 0982 23,0648 2060 1518 a572a20.
0.023¢ 31110. 0.922 2440320 2.00 1540 284330,
000339 2641 0 1099 20,932 2060 Le307 314540,
0.0100 1964200 1.209 2%5.5113 200 1.509 333960
0.0220 17340. 2070 20s106 200 1813 35127 0.
0.0229 123310, 20827 2460 1039 303780.
Jed200 11120a 28,000 20060 L0746 3764900.
Q0080 63500. 29035 200 1706 383400,
00289 $500¢ [ ¥ 13 30.208 2000 Le7458 386900,
%.0072 3000, VeI 3.223 2060 17063 389900,
0.0108 2030, 9.218 3L e509 260 1771 J91900.
00288 200v. 12.9858 J2.220 2.60 1.708 393900,
0.0179 1300. 14.920 33.001 2460 1.806 398200.

0.0200 1300. 17.088 33,974 2480 1.828 396800,
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FATIGUE~CRACK GRUWTH TEST DATA

SPECIMEN NOe o4E )
8206398 INCHES w=3,001 INCHES

TEMPERATURE 70 DEGREES ¢

Qe > 40y as ne A N
0.0209 10500, 292109 25.037 4.30 0. 981 34500,
0.0399 14000. 42593 260169 4.30 1+010 47500,
0.09%5 10000, 6308 27218 4.30 1062 $7500.
¢«0300 6090, 3e111 27« 9406 4020 1102 03500,
0.045% 4000 94183 20.828 4.30 le138 67500,
0,020 3030« 10048 294330 .28 le163 79%00.
0.0323 3000. 11114 30.326 4430 Lel9? 73300,
0.02009 30000 11797 31.078 8029 1.229 76800,
0.0308 3000. 13.363 32.009 429 1.266 79800,
0.0349 2500, 19163 33.003 4430 1300 #2000,
0.0279 2000, 104748 Je.240 ae32 1331 34000,
0.0373 2000, 18072 3%.080 4430 1.308 86000,
00395 2000. 12.180 Ju I3 430 l+404 88000,
0.0000 900. 11993 356.328 ®.30 1,408 88500,
0.0093 500. 40033 36633 4032 1408 8v000.
0.0109 $900. 2072 21.711 251 18029 94000.
0.0200 14500, 1e208 22226 2.2 1e849 108500,
0.0096 20000. Db 06 22.534 2.982 1460 128500,
00040 20000, 0452 224458 2009 Led72 144500,
0.0088 20000« Oe«028 22.654 2.%0 le877 164800.
00,0009 20000, 09493 220893 250 le0de 1848800,
G.0003 9000. 34570 2277 2450 L6483 197300,
0.0307 $50010. 1 « 758 23410 2450 1e9527 26473130,
040398 20000. 2.802 244070 2450 1563 20751 0.
00001 20000, 4.004 206.540 250 1,630 287810,
0.0410 13000, Se031 2T7e 702 20950 le670 297310,
0«0004 10000. T.998 29072 290 1730 307910,
V017 2000, Y536 304291 2090 1e782 309510,
0.0399 4000, 10703 310020 250 le78) 314910,
0a0018 4030, 11120 34.044 250 1831 317510,
0.0565 3000, 11.228 39.690 2«%0 Lo 869 320%10.
00226 3030. 11e212 30047 2.00 1.900 324810,
0e02206 3000, 11700 31 540 2000 1948 426010,
0e0009 3000. 18198 33.047 200 1964 329310,
0.0200 19500, 16.729 3Je008 1evd 1.98% 331010,
0.0294 1500. 21.837 33.3481 187 2.012 332910,

Reproduced from
best available copy.
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FATIGUE-CRACK GROWTN TEST UATA

SPECIMEN NO. 62E 3
820,726 INCHES @m2,990 INCHES

TEMPELRATURE -30 DEGREES F

uéd oy 240y [+ ee A -}
0.0109 11400, 24921 264707 Se23 0.918 52220.
Q0140 15060, 2178 25.203 Se2 0:943 ©7280.
0.0633 20100. 3118 200269 Se23 1008 93380.
040309 T420. Je018 26730 3.2% 1.029 102800,
0.0330 10000, Se0 28 27502 Se 238 1008 112800,
0.0338 8260 5.042 28346 329 1201 121060,
0.0606 11370 Sl NS 29787 Se2% 1¢3062 132430,
0.0506 67200 ©.930 30.008 Se25 1200 139190,
00,0359 5680. Te779 31990 S¢29 Le207 144830.
0.0355 4340, 8.032 33000 523 1e203 149370,
0.0378 4320. 9.433 340080 %23 1e220 153090,
0e0449 4380, 10.800 39.461 Se29 13060 154070,
00390 J450. 12.208 J6a.T49 S« 25 1903 161520,
0.0258 29500, 15:198 37861 S5.29 1e03¢ 164020,
0.0239 1350. 13,387 3a.920 5«25 leabd 102370,
0.0339 23%0. ErY R 1} 39.032 525 1e0006 167720,
0s00801 1470, 1778 39550 5029 1e079 16v1i90.
0.,0074 40LS0. 1208 26e118 303 1e330 209040,
0.0323 40210. $e49) 25.187 303 1e376 250080.
040390 25000. 20437 26.338 303 le0L7 275080,
00396 20000, 3096 27.901 Je 03 le007 295080.
0.0553 15070, 5.090 29790 303 Le722 310120.
0.0601 8130. 813 3378 303 La763 318220.
0.0721 10100. 6041 Ja.273 3003 Leb29 324320¢

0.0600 10000. S.789% 37.896 Je 03 1099 338320,
0.0402 8900, S.872 40078 303 la963 3606320,



FATIGUE-CRACK GROwTH TEST DATA

SPECINEN NCo 62E O

B20.730 INCHES

TEMPERATURE —-50

Qs

01019’
Qe«Da0s
0.9579
00349
0.02%7
00384
0.0188
0.0583
0.0376
0+0260
Ge.0241
0.0239
0.0244
0.0282
0.0300
00308
0.02%3
0+0307
0.03808
0.0439
0.0420
0.0319
00313
0.0246
Q.02%0
0.0310
00,0322
QGed113
00108
0e 0231
00036
Ded042

b

15550,
18100e
18260,
7740
6860,
5630.
3830,
6760,
JY90,
3020.
2000,
2900.
2000.
2900
<000,
2000.
1340,
47820.
38610,
20030,
19640,
6470,
21106
4000,
3000,
2030.
2030,
14150,
12480,
7070.
w890,
3900.

ws3.001 ENCHES

DEGREES F

Q80N

2807
3. 290
40452
4962
3708
e 226
72119
8327
Sa723
10.008
11457
124 349
13599
Le.0824
16:549
Jeb 1S
let92
le 390
19112
2019
3J.¥00
e 216
T«0060
PeI70
6702
bevel
%0838
2349
432
Ge 1686
Y210
113081

e

25%.632
260255
27193
28,00
28,755
29.502
30.123
3l.470
32.418
33,311
33,9395
Ja.641
48 .46
36.378
37.65)
37,641
38126
23.677
260,990
20237
27590
20+ 407
29+344
3Ce. 010
33779
32.279
32349590
22.T83
23711
J0e 994
336377
3%5. 299

o

Se25
Se 25
5.23
$5.23
S.23
.23
$.23
%323
Sa24
$.23
S.23
$.23
8.23
5.23
Se23

3.03
3.03
3.03
3.03
2.03
2+03
2.53
2.5%
2.8%

0.94d1
1.014
1.066
1104
1.137
1,169
Le198
1.288
1280
1+312
1333
1.356
le.381
le009
1 s 840
1e84S
140959
1.929
149491
1.626
140670
1.695
1s722
1. 751
1.7a%
1797
1.808
1.834
1.868
L.897
1.942
1.9786

R duced from
b:splr °a vu.c“c. blowcopy.

92200.
106300.
120560,
128300,
134740,
140370,
140220,
150960,
1560950,
157970,
159970.
101970,
163970,
169970.
167970,
169970,
171310.
219130.
254740,
275370.
291010,
297480.
3025990,
306390,
309590,
311590.
3136200
327770,
340250,
307320,
3958210,

357710,

[
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