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FORWORD

This report contains the crack opening displacement records

developed during an investigation of the crack growth characteristics

of both center crack and part through surface cracks and the extenso-

meter and strain gage data developed during the mechanical property

testing portion of the program. The work was performed by the Boeing

Aerospace Company from July 1974 to September 1975 under NASA Contract

NAS3-18906. The work was administered by Mr. Gordon T. Smith of the

NASA-Lewis Research Center.

This program was conducted by the Research and Engineering Division

of the Boeing Aerospace Company, Seattle, Washington, under the super-

vision of Mr. H. W. Klopfetistein, Structures Research and Development

Manager. The Program Leader was Mr. J. N. Masters, Supervisor, Failure

Mechanisms Group. The Technical Leader was R. W. Finger; A. A. Ottlyk

and H. M. Olden provided testing engineering support, and G. Buehler

produced the technical illustration and art work. This technical report

is also released as Boeing Document D180-20100-2.
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INTRODUCTION

This report contains the crack opening displacement records obtained
during the testing of both the center crack and surface flawed specimens
and the extensometer and strain gage curves from the mechanical property
characterization portion of the program. The remainding test data is sum-
marized and discussed in CR-1 35036 (Reference 1).

The crack opening displacement records presented are reproductions of the
actual traces. The specimen number is given on each plot so that the
other detailed test information can be located in CR-135036. Peculiarities
encountered during testing have been noted on the individual plots. Some
general comments pertinent to all of the plots are presented below:

o The Electrical Deflection Indicator (EDI) was reset after each
load cycle;

o The EDI gage was spring loaded against integrally machined knife
edges for all of the center crack panels and all of the 6.35 mm and

9.53 mm (0.25 and 0.375 in) thick surface flaw specimen. Clip
gage brackets were used for attaching the EDI to the remaining
specimen;

o All of the center-crack panels were loaded directly to failure,
therefore, all of the associated crack opening displacement re-
cords are for the fracture loading;

o The surface flawed specimens were subjected to a variety of dif-
ferent loadings which are denoted on the plots.

The crack opening displacement records were used to calculate the constant
"c " in the following equation

6 = c

where fi = crack opening displacement

° = gross area applied stress

a = flaw depth
Q = flaw shape parameter (presented in Figure 6 of NASA CR-135036
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Only the initial linear portion of the crack opening displacement records was

considered in making these calculations. This was done to avoid the region

stable crack growth and to permit the initial crack dimension to be used. The

calculated c values were compared to those presented in Appendix B of Reference

2. Reference 2 found that the calculated c value was dependent upon the ratio
o

of flaw depth to specimen thickness (a/t) and the flaw shape (a/2c). Under the

subject study three different flaw shapes were considered within a limit range

of flaw depth to specimen thickness (a/t's). The calculated c values from thiso
report were In good agreement with the Reference 2 values. Additionally, the

"c " values have been compared to a theoretical solution of Kobayashi (3). The

agreement between the experimental values obtained in both this study and Refer-

ence 2 with the theoretical solution is quite good especially for flaw depth to

thickness ratios in excess of 0.40.

The slopes of the crack opening displacement record during load and unloading

were compared to the initial and final flaw sizes. The linear portion of the

loading curve and the Initial linear portion of the unload curve were considered

in these calculations. It was hoped that these linear portions of the curves

being reflection of the compliance of the specimen at the flaw would be directly

relatable to flaw size. The ratio of final to initial compliance was compared

to the ratio of final to initial flaw depth. The data generally fell within an

acceptable scatter band, however, there were a number of points which varied

significantly from the general data trends. Specimen to specimen variation in

flaw shape within target flaw shape range were not considered nor was the change

in flaw shape as a result of the crack growing considered. The results of the

brief investigation suggests that the comparison of the loading and unloading

slopes will generally yield some insight into the extent of stable crack growth

that has occurred. A further review of the crack opening displacement records

may yield information which can be used to determine flaw sizes directly.

The load-extensometer and load-steam gage curves generated during the mechanical

property characterization portion of the program are presented in Appendix III.

The extensometer curves were used in the calculation of the yield strength. A

50.8 mm (2.0 inch)gage length was used for all of the extensometer tests.



The strain gage records have been identified as either axial strain gage

or Poisson's strain gage. The axial strain gages were mounted on the specimen

parallel to the loading direction and the Poisson's strain gages were oriented

perpendicular to the loading direction. The strain gage results were used in

the calculation of Poisson's Ratio.

References:

1. R. W. Finger, "Proof Test Criteria For Thin Walled 2219 Aluminum
Pressure Vessels," Volume I NASA CR-135036, August 1976

2. J. N. Masters, W. D. Bixler, R. W. Finger, "Fracture Characteristics
of Structural Aerospace Alloys Containing Deep Surface Flaws" NASA
CR-134587, December 1973.

3. A. S. Kobayashi, "Crack Opening Displacement in A Surface Flawed
Plate Subjected To Tension or Plate Bending". Boeing Document
D180-19446-1, February 1976.
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ilidî S .jjiyii J JiflJItM Mi, j . . . . ,•!..: |.,. i j. ,,7771,..) ; .TT.n
; i ;... ift,.! i jj: ! l i i i l i i :.::|.i'ih
.-i.i-l̂  , LL 1 iJ J -4.1 .: i ..) i- [ 4 i i' i-M-J- -H
kft-n-^-ii-lT'l H-t:.i.Hlii .It i]

cato m M ft''-1 « Tl 4 ffll •
MI 4*4. 01 1.1 • Ul



- J



it TOO



tot
(Cl'l)



ro/o
102



ro/o L*



CO/O /.* *->••! IHI 01 ot • 01



£0/0 185



ro/o it T06



; : - o ,
; i • _ i . , o ' ! 1

CO/0



1 i i i '.(.> j! j ' i I "' ! * . IJ' 111 '
j .L.I1 i..'.' ' '" -f ] l\ l^ \-i '.j4 ' • ! : 1-'''

EOiO 108 •.: 3-M



CO/.O LV



•s



Til



:: vi



113
ro/o



CO/0 L\>
114



EOiO /» U5



fo/n
U6



I O.'li If 117



tie



J?9



i ': ; ' . . ' ; . i ' . !;

. - : i i : : I * 1 ' !

T20



j- ' , I : : ;_ --.,.-!-..) __ i-l-J

EO/.0 121



: i , " ! ! . ! | I .



123



ro/o /t- 124



<J
CJ

0-

; i §
' I 6

\
*•<

O
<» 0v

x

x
X

HVO
125



r

>
t

"J "

I

«•

a
<f

1

' \

,

t

'
•

~ • ' • ,

•

,

• •'. ^

.. -^ _

'

'
D
1
o

1 ,

>

• • ;

r

,

- .,

.' . .
[

.

1 -5 «-' •
i ^ ,
;

vl ,

i

i
1

• I , i
i

!

j
1 • !

I

126



i
V

\

o
V*

M V

0$
S-H

J

v>l

3 1
a<i
X5

V

\
o

'

0
o

!-• ->.

'.A*

! ^

r̂
ON

-tf\ '

127



T28



129



I
r>
>
J

1
l/\*0
"0

1a 1
U)

N 1
t>
N

\

!a
4

X.\
\

^\̂
X,

1

»*>

(tf.W) CLVO^

130



(V





133-



H ,

.

,

.- ... -j

— ...

i JL

t &
v/) î
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î

HI



1 ' ! ' ' ! ' ' ' !
' I • , , - ! I : I i

-Ll-i. I ' i ' J . ! J - ' '. '. -J_

U2



143



^n atf0,7. i! ! ; ' l i i ' ; i ^ i !j : ' • _ _ ijj.-J.i^. .Jj-UJ AiJ-Lllj i ._!; -. i I ! . J : ! i . ' .

T4*



145



i o<
t 7.
3 &P~v

V) ;

! o

~i ;

.

r
1

'/U '
O T

6
IV

/* 146



147



148



ro/o 149



150



•*-*• t „ ; .

151



152
2-JI



CO/O 153



154



: *k . * '
. i i X1 I'' / •':1 I X ' iS

T55 ,•',„•.•—.;..• »)



V I i :'

.,
H i i [ ! i
. , t i ,

!1

"• i ;v-

i i , .

iO - ;\

i , • . : i i , i Jli j'J i ij _1_ — ̂ . _ -^_j 1__._!—,—1. W.I,^.J.^_*.
' i . ' i ' • 1 \

0 :
«o
ex '

I

0
0

I ; I

t j .

J I

! : i

fO/0 156



Ifl/ ' l (t 157



rcuo L*



(0/0 I,*



iTrv.YjT JLlUL'JiLJJi. JIU

KO/.0



o.'o n-
161



162



in/o 163



: » ' ' • • • : ; ::;,::

! (I/O /V 164



Y65





167



168



EO/0 tV



Ci

v>

^_
1 - -1-

r —
i —

[ I
t . tf
» £
LP
)

^

. ;

•

,

"

\ '

»

-- - — -

•

. ,

i i, i !

- - •

' ' • ' I 1

' ' '

,

i It

• ' ' - "Si tft - '

' ift ' !

I & U 1
i 'S I

! <f • !fit 1 '

i2r}2 i •
1 «) X ' '1 IM- ifc- O 'vi l-fl !

1 i p , » i

i !

i
f . ~" ! " "! i
" " " i " ; " ] "

i ' i
i ' ;
1 :

170



o
O

; l i i t ; : ' 1 ^ 1 ! '" r<:

1

1 ! i '

1 .' • ' !
, i 1 ! I i
. : . , !
! ' ' :

i : • i '
• '
1 ; '

; . ! i '
! ' j j j

. . Mi
' ' M

•

' ' '

1 . ', ' . '
! . ' i I

' ; i ' i

1 : ! i > : i i
• •MI i

i j i ! • ' i I ;

; i : ! • • : '
: ' i t •
, 1 i .1 • i t

. -

".. • .

,
' 1 ' ! i '

1 , ' '

' ] ; , i i '
1 ! , ' . ' . .

'• i • • ! ! i
1 ! ! ' ! ' !1 ! i ] '

• ' ' ' , ' '

. n i l ! !! ! i : i
i ) • ' i
, ] ;i , ; j '

! ' i ; 1 i
j >"i ' '• ~'< i1 . i i i i i !i ' .

i , •

".!.' :L~ .
, ' ' , 1 .

, '

• ! ' • : . '

, * 1

! : I i ' i '
1 M
; M • .
. • ' i !,

,1 i , i M :
i ! • i i i

' ' : ' ' ; '.
• ' ' ! ! ! I 1 '

! i ! . 1
1 i ' ,' i ! . ' !
. ' I ' M 'i i • . • .
, ' ' i . | i :

j i i i j i ' ] !
! ! * i . i .
M ' ' '

; ' j
! 1

. . 1 , '

! ! '

1 , , .

' t !

i I

1 . 1 . •

¥

^u^
1

" '

• ' ;

: ; • ' ' i :

i i ' ' ' : '
ii - i
| • i .

|̂

O

1 ' ' .

i ¥

, ;

1
1 i

'

; i

• i .

^
\v

i , v

i i , ,

i
i • • •

1 ' , i . . '
i ' 1 1 ' i •

C
M\ ,

XN

"Z - Ii i,,i
I (I/O /t-

171



< .L

r.
&*
ST 5 >•/

1

V
~3
X

O

i

&
Q
0)

$

rt

172



e
" r I"

tt
l£

o
2 «.

I T.

-h

173



174



175



176



1 c
* -

• — «

Mfr°

' '

- - -

••i •»
••

sf
•v- .

o
0

•

' ' !

.

1

'

i
1

1

" i

'

' ""

; ' h

•• •

i

-

1

' ! !

; • ' ; ,

1 , f

, ,

:

' •
,

. i . . .

, :

-- -

i
3
i
£
«n

2

\
flu

— - " f t -

*

- . -

JU
4 *"
J '

r<
2 H

5* " "
0 ,
J
f
It _

Par 1

*ir\ '2\.W i— * - - "

a r

' ' '

._ .-

312
d
8

177



cn/o if 178



r
r

179 7.;.f



,

• ' • ,
1
' t ,

'.
n.

"̂ ^
^

1

? .

">^ ,̂.: -^^^*^*
^ -̂-̂ ^

; "j

i
.,' ... ' i

!̂ \
\

V
8

I

<x

j

189 '- >i





U2.



183





---)

i.

L „

n

O 2

185



t ?
c —

'J /vo> r
o. 3

V) *0

o
o"

0
o

Vo
N

I I
3 3 o

tS i j
o
ui



< '
<y —

* -1-o X
O O
O Z
6 ~

187



i/) v :,f

3

-—4



of •
r —

o
(\
o

Si

o
*o

189



* <*19> ' _—

8 13

*

i '•

\

0 *0 I
V (0

S
1

1
1

! Nk - i

I

190



191



192



193



194



495



0

T96



197



\J\ CO

0
tn

V

0
CO

\f\

J.
o

\
o NL

O
r<

(2.



t/I--x1

199



200



:T- 1 ' | ' I, i i. i I !
I

" y !
T ' " •- 1 ™~ vT 1

^i
V ">^^^

~i • S ! '
^ i K :' i !

~, 2 ' \ ' '__ yj -V . . . . - _,

r^' c- \
i <~$s-\ cl "̂"̂ -̂  i

201



202



i s
l,

o
V-

f

\-

o

SI

I

fe I
o

V

\

i
o

203



204



205



V; , ; . ; : ;, „ •_;_: ,_.j.jj_j_L.

ro/o /1> 206



o
^

,??
«; —
f m

V K

PL J
rt °°

^^*

is.
-4

^

\,

1

f)
8 •s

I
0

V*

267



I I • I tM ~" ' i

: • ' : . : . . o i o . ! ' . '
I : • " : : ' h o ; ̂  '! : ,

EO'O 208



FO/O <



210



2T?





ill"

I

L__.L. _.

t

i i

"

.* " '
' 1 " 2 1 : ; • '< ' . ' .
':".• : 7 : ' 1 . §': ji ^3

^ I - ,—.



1 i ! . . -V ' til ' • • ' ' I ! ! ii ! IiT ̂ T'tmmTTTrnli T:

rn/o
214



(0/1 /I- 215



I
ro

v rv

•J3
o> 00

I

I i

£

o

i
O

civ 07

216



<̂t

sv
5
v

O
0

vB^

S.
>1
O

v»

5 •

f̂tv

^

I ol
; o.x

o -

i

1

i
J
o-~r^

V
1̂

vj

N *»

• ir '
x" to 5

2 -S '>. , ^

K

217



V

<>/
<y ;
0- :

v/i f

- -

<;
i
s:

—

-

uf I* •

5 \ :3 i \i •
"' 1 s
i \ i.

"" : *«! \ i^-1 1 ! **-
; ±
1 I '

i \ H1 \ &
! - \

! Vl

2T8



219



O

*(L

4
j ••

II
ar"

0
T>
<n
vS"

J
o'

j

O) !

Ox

9?Oz

t o"
0 J

b

1

0 K^ t 0 ,
\0 *o
•^ ex

220

I
o
vo

"i
rl



...... —J-...

I
*>s
«v

I

i

I
Ao

1

^H

i

i
(K

— _

i
vs

~\.

j
ro

I
n

22)



o
o
r-

<
V

£
X ^

t)
*>
CL

VA
00

I
O
O

o-

I
^
N

d
"o
f j

222



I z

vP

223



N

K
J

. §

H
1

o

224



5 ^
o ^

l/l

i !

i

1

• ' " <3 ""
J

0

V
L. ^

\ i ;
i
I ' !

i ' |

1 i ,
r* i x

oT ! 1 1
6* l

. - ; . - _ J- -!.. 0

O
on

I

(X

; „!
i '-., !

ll

jr»

N. ^ V
I -2

f" -J

I
V9

r
i

225



i ±
v *—
^ T>(L j

u.

_f.

a
! *

s
; j *

i • !

: i J._j.. - ..._...- o \ r
1 \

î,
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APPENDIX III - Extensometer and Strain Gage Records

Extensometer and Strain Gage Records From Table 2 of 254-291
Volume I. CR-135036.

Extensometer and Strain Gage Records From Table 3 of 292-323
Volume I CR-135036.

Extensometer and Strain Gage Records From Table 4 of 324-377
Volume I. CR-135036.
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