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PREFACE

"Aerospace Structural Materials," Task 241807,

This interim report was prepared by the Materials
Engineering Branch (AFWAL/MLSE), Systems Support Division,
Materials Laboratory, Air Force Wright Aeronautical Laboratories,
Wright-Patterson Air Force Base, Ohio, under Project 2418,

Work Unit 24180703, "Engineering and Design Data."

The work herein was performed during the period February
1985 - March 1987. The authors extend special recognition to Mr.
Patrick Ertel of the University of Dayton Research Institute for
The final

conducting all of the testing and data reporting.
report was released November 1987.
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I. INTRODUCTION j !
Recently, ASTM has formed a task group, under Committee E24 ]:‘

on Fracture Testing, to address fracture related problems as- S&
sociated with threaded fasteners. Soon after its inception the }i‘
task force identified the stress intensity solution for threads as {5’

* a basic technology needed for application of damage tolerance and .
durability concepts to fasteners. Some investigators, primarily 2&'
in the satelite and nuclear industries, have been approximating }i
the stress intensity solution, but none were accepted as accurate. ?ﬂ
The purpose of this effort was to provide empirical results that 1
could be used in the development and validation of a standardized ag'
stress intensity solution for a tension loaded thread containing a ;Q‘
surface crack emanating at the thread root. Constant amplitude ;k:
fatigue crack growth rate tests were performed on specimens with é:
simulated threads. 1In addition, a set of fatigue crack growth :E
rate data was generated using the standardized C(T) specimen E$.
configuration. This second data set was subsequently used as a S?‘
standard for comparison to the thread data, once the threaded data o
was reduced in terms of stress intensity factors and crack Ef:
velocities. tﬁt
2
II. MATERIALS, SPECIMEN, AND PROCEDURES rl
The material selected for this project was 4340 steel heat Eg
treated to a hardness of 38 to 39 on the Rockwell "C" scale. The ;{.
hardness values are equivalent to a tensile strength of 172 to 178 ~ o
(KSI). A compact type, C(T), specimen was selected for crack Z--
growth data generation, the dimensions of which are shown in ;3
Figure 1. Three C(T) specimens were made from one-quarter inch ﬁ;
thick rolled plate and tested in compliance with ASTM standard ;:
y E647-86. (1] L
o~

The simulated thread specimens were made from 1-inch squarc f;

bar as shown in Figure 2. The chemical constituent compositions ;é
of both wrought products was within specification limits. °
Microphotographs revealed very similar grain structure for the two ii-
material sources. The specimens had three concentric grooves k:
P

1 e

S A,
.

LN
-
~




AANTI A

A (SR s ’ " K
.-r-r%.....rs.. . E-.r 3 ....s.s .... o. .vx.\x..\.... PY \r.n.\r\.r\-\WQi.x.... ....

. \'

S Ay

‘uswtoads 3Isa3 Yy3imoib ‘
jyoeid @nbTiey UOTSUd3-IORAWOD T 2INbTJ4

A N A,

OIS,

NIWIJ3AAS HIAQUD XIVHD

\( had \'

o

4
5
\ 00s’| noz1[ o] oss’|xviwser| oose| 0ooz | oseln) 0§

—— e e PUS——. —_— —_—- v ———

' a H - 3 g | tm M v q

! ”r

W

-

lr
=
o

~
2
L g

AW

X dll <A Yiyjta of . g~
\\ -w T UJ OJ QUOB@LD“ ~M< N

SHY 2E Ystury aongung t

€00 § 990U Ut suetsusutp IV ° -~ -

m

o
W L A

L A X

*"

Y

* s3lon

N

s

e

v

s S 36 s ] \#‘v*‘-""'yﬁ»‘v"‘-f

A




LA A PRl s PR A A O AN 27 i PSS Y el AT L PRI LT SR r e ai LT A A el e
b e
[l .“.\
N N
5 -uswrtoads 3s93 yimoab .”.\
yoead anbriey pesayi poleTnNWIS g 2INbTJ .,w
». “”ﬂ\-
. FIYI5 D TIIMNI0N FHL
: NO EQL EE A0 SSINTMH Y ot L¥INL LYFH 2
. LNINLYIY L LVTH OL HOIMS LN T8 LON AW S INOOKHS / N,
o N
3 fa—————— *'VI0000°"I — o
p 4 <u.m.¢.|/ H...
2 3SIMYIFHIO0 . o
2 @31v1S SS3 NN 000" :
K £00° ¥ SOISNINIQ TV MUDIS MKT Ul LND
: 4 | -43aNr 208 00
o v IHY ] /\\\ ‘XA SNITYY o
Nmuuﬁmmmov N — N _ONIFIF N 0O/ " g
. 10° e,
- cgm . \ !
: 10 S— (S7M7d 2) ”
3 S3vd £ g SINY HYINZD J0
M — G100 06’ F19MY 930 OF ¥
., (S3IV1dS) 009 00’9 wiM *OS NI QL VI
, V\ ) \/I vﬁt«o&k Y31
~
. ) —NOILITS
: 1531 via NI
: b6
00S

1

(S30vide )£80°

o}
<
-
.
<
» — ——

(NOIDIA ONITIOU) NOLD3 || 3¥YNBS
210 NIYHO IVNIGNLONO- i~ 00071 ]

el

. - - o B - ’ e e
AL LA \J".I\-.~l’.-d'.’.f\f.'~ BTG T kS e T T AT T




L3 YR L

.

BRI M RISV R - SRS At AN PR S AN Al e a e a LA i S a S S AV SR A S

rather than a continuous spiraling thread so that cracking was
always normal to the applied load. The dimensions of the threce
grooves were identical to that of a 1-inch 12 UN thread. The two
outer grooves were included so as to have the stress distribution
at the center groove more closely resemble that of a continuous
thread, containing a flaw, remote from the two endmost threads.
For the first fatigue test the crack initiated in an outer groove.
This problem was overcome in subsequent tests by dimpling the root
of the central groove with an electrical discharge welder to
create a crack initiation sight. Al1l testing of both specimen
configurations were performed under tension-tension loading, in
room temperature laboratory air environment and using a load
ratio, R, equal to 0.1. A sinusoidal load waveform was used at a
frequency of 20 Hz. Periodically, load cycling was interrupted
for a crack length measurement. Since it was difficult to
visually measure the surface trace at the root of the c¢roove, it
became necessary to replicate the crack, using a magnetic-rubber
NDI technique, followed by measuring the replicated crack impres-

sion with a 20X micrometer thread traveling microscope.

Magnetic rubber is a two-part, thermal setting, polymeric
compound containing small iron filings in suspension.
Perioaically, load cycling was interrupted and a temporary dam was
attached to the specimens test section. The dam held the mixed
compound while it was setting up. Two magnets, joined by an
electrical cable, were attached to the specimen, straddling the
test section. The magnets cause the suspended iron filings to
migrate through the liquid to the crack. The contrasting color of
the filings enhances the visibility of the crack replica. Atter
the compound has solidified, the rubber replica is removed,
measured, and load cycling continues until failure occurs. Figure
3 shows a replica of the grooves and crack. The concentration of
iron fillings, under 0.645 on the scale, represents the dimple

caused by the electrical discharge welding machine.
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Figure 3.

\

5

The thread root crack surface trace
replica made by using magnetic~rubber
compound. The concentration of iron
particles, under 0.645 on the scale,
represents the dimple caused by the
electrical discharge welding machine.
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Y III. RESULTS AND DISCUSSION

L}

‘. (3 .

‘ The test data for three C(T) specimens, reduced to its final
o form, is presented in Figure 4. The data plots in a narrow well

+

:ﬁ defined scatter band. As previously mentioned, this data sub-

" . .

W sequently will serve as a standard of comparison for the simulated

thread crack growth data. The C(T) specimen dimensions and test
¢ records are presented in Appendix A.

A fifth degree polynomial was fitted to the C(T) data in the
following form:
log (da/dn) = 0.858 - 21.575(log AK.) + 47.149(log Axg)2 -
39.515(1log AKI)3 + 14.821(log AK[)" - 2.015(log AK;) (1)

A where: AKI = KSI/in. and,
. da/dn = pinch/cycle.

s, This polynomial representation of the C(T) specimen data was
o considered, throughout this report, to represent the correct crack
growth characteristic for the test material.

«
.
.

Y NN,

The simulated thread crack growth records are included in
Appendix B. This data was reduced using four different stress
intensity relationships found in the reference literature for

5 8]

structural configurations similar to the fastener situation
examined; a plot of the polynomial, equation (1), was subsequently
] superimposed onto each of the thread data plots, as shown later. L

-
>

A number of crack length (2c) and corresponding crack depth

AN,

(a) measurements were taken from clearly marked striations on the
round, threaded specimens fracture faces. An illustration of

these terms can be seen in Figure 5. A typical fracture face with

I

clearly marked striations is shown in Figure 6. The composite

measurements (obtained from eight samples) are listed in Table 1. !

7;‘- [d

From these measurements the corresponding thread root surface

.
»
-

>

traces (2s) were calculated. A fourth degree polynomial, equation
(2), relating the circumferential surface trace (2s) to the crack
depth (a) was fitted to this data:
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Figure 5. Crack plane dimensions
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TABLE 1 .‘
FRACTURE FACE CRACK FRONT CURVATURE MEASUREMENTS * f
o
Cord Arc
PT Length Length Depth ¢_
NO. 2c{in.) 2s a(in.) '_"
depth=a(in.)<minor rad. = d/2
Fd
1 0.000 0.000 0.000 -3
2 0.807 1.011 0.314 ‘2
3 0.573 0.623 0.209 ?
4 0.667 0.754 0.262 b,
5 0.759 0.909 0.289 4
6 0.837 1.089 0.376 A
7 0.094 0.094 0.031 A
8 0.282 0.305 0.103 ~
9 0.729 0.854 0.275 N
10 0.791 0.974 0.313 A
11 0.213 0.215 0.075
12 0.466 0.490 0.150 N
13 0.860 1.166 0.379 )
14 0.444 0.465 0.150 :
15 0.682 0.777 0.253 Y
16 0.860 1.166 0.391 .
17 0.238 0.241 0.072 3
18 0.619 0.685 0.232 Ny
19 0.748 0.888 0.297 ;
-
depth = a(in.)>minor rad. = d/2 o
J
20 0.904 1.398 0.463 2
21 0.807 1.785 0.691 N
22 0.782 1.841 0.694 N
23 0.813 1.771 0.679 o
24 0.815 1.682 0.657 .
25 0.895 1.398 0.445 Iy
26 0.801 1.804 0.686 »
27 0.866 1.605 0.621 >
28 0.797 ‘ 1.808 0.676 N
29 0.826 1.737 0.666 )
30 0.813 1.771 0.682 AR
* Results of 8 specimens. ,:
J‘_'
o~
1_,\
o
»
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o
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a (in.) = -0.00676 + 0.42402(2s) - 0.24360(2s)° +

0.18525(2s)> - 0.03394(2s)? (2)

where: 2s the thread root surface trace (in.)

a crack depth (in.)

This polynomial was later used in reducing the round specimens raw
data to its final form of crack growth rate, da/dn (in./cycle)
versus the stress intensity range, AK(KSI/in.).

The first stress intensity solution that was considered was
by A.J. Bush.[2] This solution was expected to poorly model a
thread because it is for a uniform diameter round bar containing a
straight surface crack front, thus it neglects any effect of the
crack front curvature and the circumferential grooves. This model
takes the form of equation (3).

AR = Y’ o ap/at > (ksi/in.) (3)

where: AKI stress intensity range (KSI/in.)

Y’ = Bush dimensionless stress intensity factor
AP = dynamic load range (KIP)
d = diameter (in.)

The dimensionless stress intensity factor (Y’) is a function of
the crack depth (a) divided by the diameter (d) which was taken to
be the thread root diameter. The root diameter was chosen because
for a long thread, remote from the ends, the root diameter is the
actual normal load carrying area. Reference 2 presents a table,
reproduced here in part as Table 2, for the dimensionless stross
intensity factor (Y’). A quadratic function, equation (4), was
fitted to the table values.
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TABLE 2

FLAW PARAMETERS FOR BUSH* STRESS INTENSITY SOLUTION

Dimensionless Dimensionless
CrackaLength Stress Intensity
(7/4d) Factor Y' **

0.000
0.050
0.101
0.150
0.201
0.250
0.300
0.334
0.350
0.402
0.449
0.500
0.551
0.602
0.651

.007
.464
.762
.016
.264
.491
.729
.893
.977
271
.669
.348
.529
.456
.515

O O W NN O O O

* Table 2 is from Reference 2 and is reproduced here, in part.

** A quadratic equation was fitted to the table values and sub-
sequently used in calculating the stress intensity using the
A.J. Bush solution,

KI=Y'~P/dl'5, where Y' is equal to: Y'=0.179+0.206 a/d)+
19.674(8/4) <.
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Y’ = 0.179 + 0.206(a/d) + 19.674(a/d)> (4)

where: a crack depth (in.)

Q.
[l

diameter (in.)

Equation (4) had to be extrapolated beyond the values provided in
Table 2 for some of the round specimen data generated here. The
round specimens data records were then reduced using equations 2,
3, and 4. The resulting crack growth data is plotted in Figure 7.
Repeating, it was anticipated that the Bush solution would under-
estimate the stress intensity by neglecting: (1) the stress riser
associated with the grooves being present, and (2) the crack front
curvature. As was expected the calculated crack driving
parameter, AK, was much lower than what actually existed in the
test piece, thus explaining the data points shifted way to the
left relative to the line representing the C(T) specimen data.

The second stress intensity solution evaluated was by R.C.
Cipolla[3] and takes the form:

AK = ASn/cC, (KS1/in.) (5)

where: ASn local net stress range (KSI)

-1/2

Ck reference flaw factor (in.)

Here the net stress range, ASn, is calculated by estimating the
remaining load-carrying cross-sectional area. From Reference 3,
the reference flaw factor, Ck’ equals 2.970 (l/4in.) for the
thread being modelled. By substituting this value, equation (9)
then becomes:

AK = ASn e 0.337 (KSI/in.). (6)
Test results, for the simulated thread fatigue crack growth data

following reduction with equation (6), are presented in Figurc 8.
The fit to the C(T) data is poor.
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4340 steel fatigue crack growth rate data, for a
simulated thread specimen loaded in tension-tension
and using the stress intensity solution by

R. C. Cipolla.

15

-----

e a "‘ S .y \'):.f\’ -.'-’J_\ Y s’__-\.’.__-.__'.).'\“.':._’".ri}-.r\._..‘,\'.‘ . -

SULARERLHENSNLN,

AR AR R

X

Py
[ ey «

N,

24 L

Dl SYATE S

te @ "IV
Rial g e g

-y ﬁ,"ﬁ‘."’\’. ,:. « l‘. '3

[ - W % ey r e
2T LA AL A e e

*

'l"'l{

'

" v.'r- : Ly :"{.-"t':' - "‘

¥n

.&{

‘4

=)
AP
s 4



. . v “ - - e - P - - L7 + L *,
L 61 6078 s A GRS Sy Mt s Rt AP SRt i n e S B gt gl ik D St RN LTS ‘> d LN N IS S ML AR R A

»

t
"-
’,
s

X

i.

ae

o

A

The third stress intensity solution used to reduce the crack ::
growth data was by I.S. Raju and J.C. Newman.[4] The solution 1is >
for smooth round bar containing a surface crack and takes the "7
form: f
I

AK = ASg » /Ma/Q e Fp (KS1/in.) (7) ;f

5

where: ASg = remote gross tensile stress range (KSI) f?i

Q = elliptical crack shape factor ii

FA = boundry correction factor for a surface crack ’

at maximum depth R

a = crack depth (in.) Eﬁ

o

The value for the elliptical crack shape factor, Q, was obtained N
from Reference 5; the applicable graph is reproduced here as Fiqgure !i
9. For the developing flaw shape observed in the test articles, :&
and for loading conditions used herein, the elliptical shape fac- i:
tor, Q, is roughly equal to 1.80. :-r'
A few values for the boundry correction factor, FA' at the ifl
maximum depth of the curved crack front are presented in Reference Ey
4 as a function (a/d), where *"d" is taken to be the specimen’s 5?
notch diameter, and where (a/c) is the crack depth divided by half 3
the crack length which had to be assumed to remain constant at :;
roughly 0.80. The list of boundry correction factors, FA' is E{
reproduced here: o'
;.

a/zd Fa R

0.050 1.056 ?&

0.125 1.083 :iﬁ

0.200 1.131 ..

0.275 1.227 B

0.350 1.387 -

A quadratic, equation (8), was fitted to the five values. Qu
F, = 1.0765 - 0.5203 ¢ (a/d) + 3.9873 o (a/d) (7) ;3,
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Regrettably the actual test data from the simulated thread test
articles extends well beyond the maximum (a/d) ratio provided in
the reference, thus, necessitating extrapolating equation (8) well
beyond the reference values. The remote gross stress range, Sg,
was calculated using the remote cross-sectional area, i.e., the

area of a 1l-inch diameter bar.

Figure 10 presents the reduced data using the Raju and Newman
solution. Similar to the A.J. Bush solution the article being
modeled is a smooth round tensile loaded bar. As with that solu-
tion the reduced round bar specimen data was expected to plot off
to the left of the C(T) specimen data, which is not the case. This
model predicts the proper trend for the data but is just slightly

unconservative, with the data points generally laying below the
C(T) results.

The last stress intensity solution to be examined was found
in Reference 6, by M. Shiratori, T. Miyoshi, Y. Sakai, and G.R.
Zhang. It is for a round bar with a single, central, circumferen-

tial groove containing a surface crack. The solution takes the
form of eguation (9).

AK; = ASg» /T+s + F_(KSI/In.)

where: AKI = the stress intensity range (KSI/in.)
ASg the remote gross tensile stress (KSI)

s half of the crack tip-to-tip circumferential
arc (in.) (see Figure 5)

Shiratori, et al. dimensionless stress
intensity factor at maximum crack depth

A table of values for the dimensionless stress intensity
factor, FI, was found in Reference 6, and is reproduced in part
as Table 3. FI is a function of the depth ratio (a/r), where the
flaw aspect ratio (a/c) had to be assumed to remain constant and

equal to approximately 0.6. A third-order polynomial, equation
(10), was fitted to the tabular data.
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N

‘x
F; = 0.573 + 0.573(a/r) - 0.857(a/r)° + 1.456 (a/r)° (10) o~

>

)

where: r = major radius equal to approximately 0.5 inch here

-

For the round specimen test data, the depth ratio (a/r), grew to be s
considerably greater than the provided data, necessitating ex- , '$
trapolating equation (10) beyond the provided values. The data NG
reduced using equations 9 and 10 is presented in Figure 11. Note 5,
that the proper trend is predicted, but is generally conservative, :E
i.e.,, predicting a slightly faster crack growth rate at a given B
value of AK than that of the C(T) data. i
Ay
(W

1:::

TABLE 3 iy

]

DIMENSIONLESS STRESS INTENSITY FACTOR, F., FOR M. SHIRATORI >

ET AL. STRESS INTENSITY SOLUTION FO& a/c = 0.60. !

o~

b
Depth Ratio ;‘
) d
a/r Fr Y

Y

0.525 v,

0.565 ?

0.4 0.649 :§

f

0.6 0.840 y

1.116 o

1.0 1.648 ~f

ﬂ'f

o,

.."

IV. CONCLUSIONS .
The following conclusions are based on a very limited number i:

of tests. Also, some of the derived functional relationships had . §3
to be extrapolated well beyond the reference data used to generate 3.
the equations. . @
1. The A. Bush stress intensity solution poorly modelled the K
simulated thread fatigue crack growth data as was expected. e

This can be attributed, in part to: (1) neglecting the crack -

front curvature and the presence of the groove, and (2) the '
functional relationship for the dimensionless stress inten- 4

sity factor had to be extrapolated beyond the values provided
in Reference 2.
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2. The Cipolla stress intensity solution also poorly modelled "
the thread specimen data which in part could be due to it N
using the net stress which was difficult to accurately es- ]
timate from the cracks circumferential surface trace. .
ke
3. The Raju and Newman stress intensity solution models the -
simulated thread data quite well when you consider it really 3
is for a round bar containing a surface crack. The flaw -
shape factor, (a/c), had to be assumed to remain a constant _
in order to use the reference values for the boundary correc- A
tion factor. Also, the correction factor was estimated by .y
extrapolating the derived function well beyond the values ;\
provided in Reference 4. f
4. The M. Shiratori solution, which is for a notched bar, ap- i'
proximates the thread data very well in spite of having to N
extrapolate the equation for the dimensionless stress inten- )
sity factor beyond the data provided in Reference 6 and :
having to assume that the flaw shape factor remained constant Al
throughout the test. o
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10-29-86

Specimen No. 3

Pmax = 420 LBF Pmin = 42 LBF R = 0.100

B = 0.249 in. W = 1.990 in. Crack Correction = 0.728 1in.

Obs. # Cycle Count a-measured

b
Pl
ay
‘i
~
Wyl

d

AR
LS R 4

'.' i""u" ‘.\f l’\f -

1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000

1.000

2.000

3.000

4.000

5.000

6.000

7.000

8.000

9.000
16.000
11.000
12.000
13.000
14.000
15.000
16.000
17.000
18.000
19.000
20.000
21.000
22.000
23.000
24.000
25.000
26.000
27.000
28.000
29.000
30.000
31.000
32.000
33.000
34.000
35.000
36.000

e

30.000
60.000
95.000
130.000
165.000
195.000
225.000
255.000
285.000

30.000

60.000

90.000
120.000
150.000
176.000
199.000
219.000
236.000
253.000
267.000
280.000
293.000
306.000
313.000
320.000
327.000
335.000
343.000
351.000
359.000
367.000
375.000
383.000
390.000
397.000
403.500
409.500
415.500
420.500
424.500
428.500
432.500
436.500
440,200
443.000

0.092
0.101
0.114
0.127
0.141
0.151
0.l164
0.172
0.186

0.197
0.208
0.218
0.232
0.246
0.261
0.276
0.298
0.302
0.316
0.328
0.340
0.354
0.371
0.379
0.388
0.397
0.408
0.418
0.428
0.440
0.453
0.464
0.479
0.492
0.506
0.521
0.534
0.549
0.563
0.574
0.587
0.598
0.613
0.627
0.638




Crack Correction

10-29-86
Specimen No. 3 (Continued)
Pmax = 420 LBF Pmin = 42 LBF
B = 0.249 in. W= 1.990 in.
Obs. # Cycle Count
1.000 3.000
' 2.000 5.800
3.000 7.600
4.000 9.300
5.000 10.800
6.000 12.400
7.C00 14.000
8.000 15.500
9.000 17.100
10.000 18.700
11.000 20.300
12.000 21.900
13.000 23.300
14.000 24.700
15.000 25.900
16.000 27.000
17.000 27.900
18.000 28.500
19.000 29.100
20.000 29.700
21.000 30.200
22.000 30.460
23.000 30.960
24.000 31.310
25.000 31.560
26,000 31.820
27.000 32.050
28.000 32.270
29.000 32.360

= 0.728 in.

a-measured

0.651
0.665
0.673
0.682
0.690
0.698
0.707
0.717
0.727
0.738
0.751
0.764
0.778
0.789
0.804
0.819
0.832
0.844
0.853
0.861
0.876
0.883
0.897
0.910
0.925
0.937
0.952
0.973
1.000
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11-3-86
Specimen No. 4340-4
Pmax = 400 LBF Pmin = 40 LBF R = 0.100
b = 0.249 1n. W = 1.988 in. Crack Correction = 0.730 1in.
Obs. # Cycle Count a-measured
1.000 67.000 0.084
2.000 108.000 0.091
3.000 158.000 0.102
4.000 190.000 0.110
5.000 231.000 0.118
6.000 281.000 0.130
7.000 321.000 0.140
8.000 361.000 0.151
9.000 401.000 0.161
10.000 441.000 0.174
1.000 30.000 0.184
2.000 65.000 0.194
3.000 95.000 0.204
4.000 125,000 0.215
5.000 155.000 0.228
6.000 185.000 0.240
7.000 215.000 0.252
8.000 245,000 0.265
9.000 275.000 0.278
10.000 305.000 0.294
11.000 323.000 0.304
12.000 343.000 0.316
13.000 360.000 0.327
14.000 377.000 0.337
15.000 394.000 0.349
16.000 411.000 0.360
17.000 426.000 0.372
18.000 440,000 C.384
19.000 453.000 0.396
20.000 465,000 0.406
21.000 477.000 0.418
22.000 487.000 0.430
23.000 497.000 0.440
24.000 507.000 0.453
25.000 516.000 0.466
26.000 524.000 0.478
A-4
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11-3-86 o
Specimen No. 4340-4 {Continued) sy
Pmax = 400 LBF Pmin = 40 LBF R = 0.100 \.:y
B = 0.249 in. W = 1.988 in. Crack Correction = 0.730 1n. NS,
o
Obs. # Cycle Count a-measured :‘q
‘"
1.000 8.000 0.489 pasy
2.000 15.500 0.502 )
3.000 22.000 0.514
. 4.000 27.500 0.523 o]
5.000 32.500 0.533
6.000 37.300 0.542 3
7.000 42.000 0.553 >
8.000 46.600 0.562 e
9.000 51.100 0.572 Ny
10.000 55.500 0.582 NI
11.000 59.800 0.592 L 4
12.000 64.000 0.604 5
13.000 68.100 0.613 o
14.000 72.100 0.625 .
15.000 76.000 0.637 NS
16.000 79. 800 0.649 Ny
17.000 83.300 0.662 )
18.000 86.600 0.674 AN
19.000 89.700 0.687 DS
20.000 92.600 0. 700 s
21.000 95.200 0.714 N
22.000 97.400 0.723 8o
23.000 99.300 0.734 5@
24.000 100.900 0.744 K
25.000 102.300 0.753 -9
26.000 103.600 0.763 e
27.000 104.800 0.770 25
28.000 105.900 0.779 Y
29.000 107.000 0.790 k3
30.000 108.000 0.798 &
31.000 109.000 0.806 P
32.000 110.000 0.818 A
33.000 110.900 0.828 o
34.000 111.700 0.836 RS
35.000 112.500 0.847 KJ
36.000 113.300 0.860 o
37.000 114.000 0.870 NN
38.000 114.700 0.883 AN
39.000 115.300 0.896 =3
40.600 115.800 0.907 A
41.000 116.200 0.920 i
42.000 116.500 0.931 o
43.000 116.700 0.940 w2
44.000 116.800 0.946 N,
45.000 116.900 0.953 PN
46.000 117.000 0.964 f:*‘
2
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N
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11-3-86

Specimen No. 4340-4 (Continued)

Pmax = 400 LBF Pmin = 40 LBF R = 0.100

B = 0.249 in. W = 1.988 in. Crack Correction = 0.730 in.

)

Obs. # Cycle Count a-measured

47.000 117.100 0.970
48.000 117.200 0.980
49.000 117.300 0.990
50.000 117.400 1.024
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11-21-85 xS
Specimen No. 4340-5 o
Pmax = 460 LBF Pmin = 46 LBF R = 0.100 1?;‘
B = 0.253 1n. W = 1.997 in. Crack Correction = 0.717 in. .;:.
.._\
Obs. # Cycle Count a-measured ®
R,
1.000 30.000 0.071 e
2.000 70.000 0.082 33'
3.000 110.000 0.094 NN
4.000 150.000 0.106 o
) 5.000 190.000 0.120 _
6.000 205.000 0.125 R
7.000 228.000 0.133 R
8.000 266.000 0.144 T
9.000 304.000 0.163 L
10.000 330.000 0.174 i
11.000 352.000 0.184 3
12.000 373.000 0.196 e
13.000 393.000 0.205 ~
A
1.000 44.000 0.217 ey
2.000 60.600 0.228 oA
3.000 91.300 0.240 Py
4.000 115.600 0.261 I
5.000 123.400 0.278 5:
6.000 155.000 0.298 A
7.000 163.200 0.304 a3
8.000 169.100 0.309 4
9.000 185.600 0.327 o
10.000 197.900 0.337 N
11.000 205.400 0.344 A
12.000 223.000 0.365 3§
13.000 231.400 0.372 N
14.000 236.300 0.379 ol
15.000 251.400 0.398 !i
16.000 258. 700 0.410 o
17.000 262.800 0.415 e
18.000 271.700 0.428 A
19.000 282.000 0.445 37
20.000 285.300 0.451 .
21.000 290.300 0.460 o
22.000 299.600 0.479 iy
23.000 303.500 0.486 b
24.000 309.100 0.498 -
25.000 314.200 0.509 e
26.000 317.900 0.519 e
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12-5-86

Specimen No.
460 LBF

Pmax =

B = 0.253 in.

- o S R
IO RN v

Obs. #

1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000
10.000
11.000
12.000
13.000
14.000
15.000
16.000
17.000
18.0C9
19.0090
20.000
21.000
22.000
23.000
24.000
25.000
26.000
27.000
28.000
29.000

¥

4340-5 (Continued)

46 LBF

1.997 1in.

Cycle Count

2.500

8.200
12.100
14.800
18.000
24.000
25.300
27.700
30.800
32.800
35.200
38.000
40.100
41.900
44.100
46.000
48.200
49.200
50.200
51.600
53.200
53.900
54.600
55.600
56.700
57.900
58.700
59.500
60.300

A-8

R =

0.100
Crack Correcticn
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3

= 0. 717 in. ’.I
N

a-measured {_
0.525 '~
0.540 :':.
0.550 o~
0.55¢9 ‘ &

0.571

0.588 Q
0.595 ‘ :,\
0.604 -
0.616 }H
0.624 o~
0.635 2
0.646 ?a
O. 658 ,\
0.666 :”
0.679 .’_:
0.690 <o
0.704 !'
0.711 ;:
O. 719 ;_:
0-730 ‘(:
0.742 :H
0.748 A
0.757 [ )
0.767 :\
0.776 Q
0.789 N
0.799 '};
0.810 P:
0.825 b
o
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APPENDIX B

SIMULATED THREAD SPECIMEN FATIGUE
CRACK GROWTH DATA¥*

"CRACK LENGTH" listed in the fourth column equals 2s, or
the circumferential surface trace of the crack at the root
of the central groove.
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f;o' Specimen #2A Dia. 0.8890 Area 0.6207 Material 4340 St.

0

: Initial Stress R-ratio Initial Loads A

l' S ———

¢

X 55 KSI 0.1 34,139 :
40 KSI 18,777

N 3,414

0}

h$ (

K

.: Insp. Max. Load Cycles Crack Length Total Cycles .

. 1 34,139 50, 900 0.1090 50, 900 ’

; 2 24,828 40,000 0.1349 90,900

4 3 24,828 21,000 0.2594 111, 900

‘ 4 24,828 20,000 0.3273 131,900

. 5 24,828 10, 000 0.3952 141,900 )

o 6 24,828 10,000 0.4620 151,900 X

4 3

. 7 24,828 10,000 0.5062 161, 900 '

- 8 24,828 10,000 0.5804 171,900

)y 9 24,828 10,000 0.7021 181, 900 :

K- 10 24,828 10,000 0.8500 191,900 .

. 11 24,828 10,000 1.1042 201,900 ,

‘s 12 24,828 8,300 Failure 210,200 ;
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"8 8% 2"a 4% 97 a4V, - 000 B 0 0 AB 1A Bt

Specimen iéﬂ Dia. 0.8896 Area 0.6217 Material 4340 St.
Initial Stress R-ratio Initial Loads
48 KSI 0.1 29,842
16,413
2,984
Insp. Max. Load Cycles Crack Length Total Cycles
1 29,842 80,000 0.1211 80,000
2 29,842 10,000 0.1550 90,000
3 29,842 10,000 0.1650 100,000
4 29,842 10,000 0.2120 110,000
5 29,842 10,000 0.3100 120,000
6 29,842 10,000 0.3152 130,000
7 29,842 10,000 0.3603 140,000
8 29,842 10,000 0.4343 150,000
9 29,842 10,000 0.6404 160,000
10 29,842 10,000 0.7729 170,000
11 29,842 10,000 1.1200 180,000
12 29,842 5,200 Failure 185,200
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Specimen #5A Dia.

Initial Stress

42 KS1
Insp. Max. Load
1 26,187
2 26,187
3 26,187
4 26,187
5 26,187
6 26,187
7 26,187
8 26,187
9 26,187
10 26,187
11 26,187
12 26,187
13 26,187
14 26,187

0.8910 Area 0.6235

Material 4340 St.

Initial Loads

26,187
14,403
2,619

th Total Cycles

R-ratio
0.1
Cycles Crack Leng
62,500 0.0563
17,500 0.1175
20,000 0.1621
2,000 0.1984
2,000 0.2892
2,000 0.4324
10,000 0.5563
5,000 0.6251
5,000 0.8136
5,000 1.5085
5,000 1.5829
5,000 1.4500+
5,000 1.1929+
5,000 1.919
Failure

62,500

80,000
100,000
120,000
140,000
160,000
170,000
175,000
180,000
185,000
190,000
195,000
200,000
205,000
207,700

+ questionable circumferential crack length measurement attributed

to poor quality magnetic-rubber replica.
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Specimen #6A Dia. 0.8886 Area 0.6202 Material 4340 St. j."_
Initial Stress R-ratio Initial Loads EE:
48 KSI 0.1 29,770 N
o
o
Insp. Max. Load Cycles Crack Length Total Cycles
‘ 1 29,770 50,000 0.0708 50,000 Y
) 2 29,770 10,000 0.0863 60,000 :;:S
3 29,770 20,000 0.1115 80,000 :E}_
4 29,770 20,000 0.2020 100,000 ‘;:
5 29,770 10,000 0.2110 110,000 =3
6 29,770 10,000 0.2639 120,000 Qs
7 29,770 10,000 0.2742 130,000 s,o:.:;
8 29,770 10,000 0.3270 140,000 N
9 29,770 10,000 0.4232 150, 000 i)
10 29,770 10,000 0.5286 160,000 by
11 29,770 5,000 0.5704 165,000 o
12 29,770 5,000 0.6465 170,000 :’
13 29,770 5,000 0. 7590 175,000 .
14 29,770 2,500 0.8829 177,500 S5
15 29,770 2,500 0.9646 180,000 1'%:
16 29,770 2,500 1.0308 182,500 N
17 29,770 2,500 1.1725 185,000 ¥
18 29,770 2,500 1.4185+ 187,500 :;EE
1,600 Failure 189,100 e
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Specimen #7A Dia. 0.8917 Area 0.6245 Material 4340 St.

Initial Stress R-ratio Initial Loads

38 KSI 0.1 23,731
13,052
2,373

Insp. Max. Load Cycles Crack Length Total Cycles

23,731 100,000 0.0904 100,000
23,731 30,000 0.1351 130,000
23,731 20,000 0.1646 150,000
23,731 20,000 0.2339 170,000
23,731 20,000 0.2817 190,000
23,731 20,000 0.3615 210,000
23,731 15,000 0.4403 225,000
23,731 10,000 0.4999 235,000
23,731 10,000 0.5888 245,000
23,731 10,000 0.6927 255,000
23,731 7,500 0.8065 262,500
23,731 7,500 0.9585 270,000
23,731 7:500 1.2338 277,500
23,731 5,000 1.6787 282,500

Failure 283,300
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Specimen #8A

Dia.

Initial Stress

Max.

o N0 U b W

[ e S T T e e
O W ® 9 0 »n hHh W N = O Y

42 KS1I

26,111
26,111
26,111
26,111
26,111
26,111
26,111
26,111
26,111
26,111
26,111
26,111
26,111
26,111
26,111
26,111
26,111
26,111
26,111
26,111
26,111

-'.'J".v’.;{ -',;O\-J' "o '.S..

0.8897

Load

Material 4340 St.

Initial Loads

Area 0.6217
R-ratio
0.1
Cycles Crack Length
80,000 0.0560
20,000 0.0889
20,000 0.1110
20,000 0.1407
20,000 0.1984
20,000 0.2221
20,000 0.3253
10,000 0.3593
10,000 0.4840
10,700 0.5354
7,300 0.6036
5,000 0.6821
5,000 0.7647
5,000 0.8320
5,000 0.9542
2,500 1.0304
2,500 1.1168
2,000 1.2978
2,000 1.4363
2,000 1.6498
1,000 failure
.- J ‘.r_;-r Co ‘.r;r,;./- .r s -r; O

26,111
14,361
2,611

Tot

al Cycles

4 -’$\' t’fi"ft'y "*- ‘

80,000
100,000
120,000
140,000
160,000
180,000
200, 000
210,000
220,000
230,700
238,000
243,000
248,000
253,000
258,000
260,500
263,000
265,000
267,000
269,000
270,000
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Specimen #9A Dia. 0.8911 Area 0.6235 Material 4340 St. 7
i
Initial Stress R-ratio Initial Loads ')
a—— o'
42 KSI 0.1 26,187 A
14,403 )
2,619 A
wa
2
Insp. Max. Load Cycles Crack Length Total Cycles "
1 26,187 50,000 0.0716 50,000 !
2 26,187 20,000 0.1043 70,000 )
3 26,187 20,000 0.1330 90,000 3
'
4 26,187 20,000 0.1663 110,000 v
5 26,187 20, 000 0.2355 130,000
(]
6 26,187 15,000 0.2976 145,000 ’
7 26,187 15,000 0.3638 160,000 !
‘r
8 26,187 10,000 0.4241 170,000 )
9 26,187 10,000 0.4808 180,000 '
10 26,187 10,000 0.5308 190,000 §
11 26,187 10,000 0.6149 200,000 ot
12 26,187 10,000 0.8291 210,000 N
13 26,187 5,000 0.8910 215,000 )
14 26,187 5,000 1.0673 220,000 e
15 26,187 2,500 1.1976 222,500 0
16 26,187 2,500 1.5851 227,500 N
900 failure 228,400 ;}
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Specimen #10A Dia.
Initial Stress
38 KSI

Insp.

o N 600 »n b W N e

11
12
13
14
15
16
17

Max. Load

23,465
23,465
23,465
23,465
23,465
23,465
23,465
23,465
23,465
23,465
23,465
23,465
23,465
23,465
23,465
23,465
23,465

] ’\*‘\-"‘. -
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Initial Loads

Vot Vv AR A A -
0.8867 Area 0.6175
R-ratio
0.1

Cycles Crack Length
112,200 0.0753
2G,000 0.0976
27,800 0.1341
20,000 0.1777
20,000 0.2321
20,000 0.2846
20,000 0.3654
20,000 0.4925
15,000 0.6168
10,000 0.7235
5,000 0.7339
5,000 0.8267
5,000 0.9182
5,000 1.0382
5,000 1.1976
2,500 1.3404
2,500 1.5226
failure
B-9

23,465
12,906
2,347

Material 4340 St.

Total Cycles

112,200
132,200
160,000
180,000
200, 000
220,000
240,000
260,000
275,000
285,000
290, 000
295,000
300,000
305,000
310,000
312,500
315,000
316,700
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