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criteria , retirement-for--ca use, which required quantitative
NDI, is also described. The case of radially cracked bolt
holes in a turbine disk inspected by a semiautomatic eddy
current technique is used to illustrate the procedures.

Monotonically increasing relationships, primarily
logrithmic in nature , were observed between signal character
istics and the dimensions of EDM notches which were used
to model actual cracks. Sensitivity level and eddy current
system choice were observed to significantly affect the
eddy current/flaw dimension relationships.
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SECTION I

INTRODUCTION

The design of recent jet engines entering USAF service has

emphasized increased performance and higher thrust/weight ratios,

resu1tin~ in ~ti gher stresses on rotating components. This in turn

has led to the introduction of larger numbers of finite life com-

ponents. For example, most rotating disks tend to have relatively

short low cycle fa t igue (LCF) lives. Since these disks have rapidly

increased in cost due to design complexities and the use of advanced

ma terials  and processing techn iques , the cost of maintaining these

advanced engines has also escalated dramat ical ly  in the same time

period . It is important then that  ways Se sought to optimize the

useful service lives of these components.

In this report an alternate approach, referred to as Retirement-

for-Cause (RFC), is described . It is believed that this technique ,

which is based on a fracture mechanics analysis of the crack pro-

pagation phase, can in fact optimize the service li fe and thereby

minimize  maintenance costs.

It will also be shown that the successful application of

Retirement-for-Cause is highly dependent on nondestructive inspection

(NDI) capabilities. Furthermore , this NDI requirement is more

quantitative than has generally been considered in the past since

it becomes necessary not only to detect the de fect (crack ) but

also to describe it in considerable detail and with a hiqh deqree

of reliability . While the quantitative aspects of Nfl have only

1
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recently begun to be explored in detail , data will be oresented

that indicates that the necessary degree of quantification appears

to be possible (1,2).
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SECTION II

RETIREMENT-FOR-CAUSE AND NDI REQUIREMENTS

Traditionally , componen ts whose l i f e  l imi t is con trolled by

fatigue have been designed to a crack initiation criterion . The

component is considered to have failed as soon as a crack of some

finite size, e.a., .031” (.8mm ) has formed and the part is removed

from service (3). No attempt is made to utilize the remaining

life associated with the crack propaaation phase.

From a safety standpoint , this approach has been qenerally

very successful since it contains a b u i l t — i n  safe ty  factor  associated

wi th  crack prooaqation. However, for real mater ia ls  and for real

design situations , lifetimes based on time to crack initiation tend

to be extremely conservative. This may be seen by reference to

Fig. 1, which illus trates the crack ini tiation behavior of Inconel

718 , a typical nickel—based superalloy , at 1000°F. Because of

~~~\L
.. .4

:~~

s
~
.1 I . 

0~
C~~C LIS

Fig. 1 S/N Diagram for Turbine Disk Alloy , Applied Stress
vs Cycles to Crack Ini t ia t ion
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the stat istical nature of the crack ini t iat ion process , there is

a sianificant scatter associated with the number of cycles to

initiate a crack at some given stress level .  Por desia n purposes

this problem of materials scatter is usually eliminated by degrading

the S/N curve to a level where the probability of failure , i.e.,

crack initiation , becomes low enough to ensure structural inteqritv

of the component . For critical components such as engine disks ,

this probability is usually sat at 0.12. Pigure 1 shows a dasign

allowable curve based on this probability of initiation . In service

a fatigue limited component would he used for the number of cycles

permitted by this design curve and then all such components would

be retired . Theoretically , at this desion life only one component

of a population of 1000 would have actually initiated a crack and

the remaining 999 components would have some undefined useful life

remaining . Reference to F ig .  1 shows that in the case illustrated

the difference between the number of cycles to reach the desi~ n

curve and the mean arc s ign i f i c a n t l y  d i f f e r e n t  and that at the desic~n

limit an average component would have consumed l0~ or less of i t s

potential useful lire . However , under an initiation criterion there

is no way to utilize this potential life without acceptinci a higher

probability of failure .

Nevertheless , this additional useful life can be u t i l i z e d  by

adoptinq a resection criterion that is based on crack propa~ a t i o n

ra ther  than i n i t i a t i o n  (3) . The development of fracture mechanics

concepts over the last several years has permitted the decree of

predictability for crack propagation necessary to implement such

an approach .
4 
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Figure 2 shows the basic retirement-for-cause concept. For

a given component, the number of cycles , N
~
, required to propagate

a crack from an ini tial size ~~ to critical size A
~ 

can be calculated .

This number of cycles, N
~
, then becomes the upper bound for a cracked

component to remain in service. An inspection interval is then

established at some f raction of N
~ 

designated N1. It can be seen

that over this interval of time no component containing a crack

equal to or smaller than A0 could fail catastrophically .  

t-- ----
~ 
-

CYCLES —

Fig. 2 Crack Growth/NDI Relationship for Retirement-for -Cause

In operation, components would be inspected at the end of the

design l i fe, and only those components containing cracks equal to

or greater than A0 would be retired . All others would be returned

to service. After an additional N1 cycles those components would

again be inspected and again all cracks larger than A0 rejected

and the remainder returned to service. In this way the crack

propagation residual life is continually rezeroed to A
0. By

following this approach, components are only rejected for cause

5

- - .~~~ .~~~. . ., 
- -- ‘U- - ’ - - 

~~~~~~~~~~~



‘ ‘ ‘~ ‘~~~~T~~
’
~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(cracks ) and the remainder are allowed to operate for the maximum

useable time.

It is clear that not all fatigue—limited components may be

handled in tk is way , and that each component must be evaluated

individually to determine the economic feasibility . The inspection

interval N1 (Fig. 2) must be such that it does not place undue

constraints on the operation of the component or that the cost

of the necessary tear down and inspection does not negate the

advantages of the life extension gained . One thousand cycles of

crack propagation may represent many years of service for one com-

ponent and a fraction of a second for another. It seems unlikely

that retirement-for- cause can be applied to components limited by

high cycle fa tigue considerations, but for many high cost components

limited by low cycle fatigue, such as engine disks , this ao~ roach

does appear to offer significant economi ’. advantages.

It is also clear that in applying retirement—for-cause ,

nondestructive inspection becomes a critical factor. The value

of ~~ in Fig. 2 determines the residual life of the component

and is limi ted by the resolution and reliabili ty of the inspection

system employed. In many cases the decision as to whether or not

retirement-for-cause can be applied to a component will be

predicated upon the abili ty of available NDI approaches to detec t

A0 with sufficient sensitivity and reliability . Because the RFC

analysis includes an indepth stress analysis , a component ’s defect on

critical locations can be accurately predicted . For this reasen ,

NDI techniques can be selected and refined for a particular area

6
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rather than attempting to develop a technique for characterizing

the quality of an entire component. This inherently increases

the sensitivity of the system to a level where RFC can be utilized.

Preliminary crack growth analyses indicate that the detection

and elimination of cracks larger than .030- .050” surface length

(2c) would provide adequate residual li fe for the app lication of

RFC to many older disk designs, and this was the crack size of

primary interest in the present study . However , it is also

recognized that in some of the more advanced.designs , using

hi gher strength , lower toughness material , the acce;~table level

for A0 may be much smaller.

A program of which this research is a part , is looking at

the possibili ty of applying a RFC rejection criterion to a part icular

turbin’~ disk that is life limi ted in the bolt hole region due to

LCF cracking. A semiautomatic eddy current technique which has

undergone extensive development for the inspection of fastener

holes in airframes is being reviewed for this engine component

application (4). Since cracking around both cooling and bolt

holes is becoming an increasing problem , the deve lopment of such

advanced eddy current techniques is desirable . A oar t icu l ar  area

of eddy current technology that  deserves considerable investiga-

tion is that of signal interpretation. In par ticular , it seems

reasonable to suggest that there are various relationships that

can be established between signal characteristics and actual flaw

dimensions (5). If such correlations could be determined , the

information would s ignif icant ly  impact the implementation of reject

7 
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criteria such as retirement- for—cause . Inspection techniques

could be altered from the basic “go no-go” type to systems which

provide opportunity to more easily establish rational reject limits.

Another application of such a system is that it would provide an

opportunity to accurately determine the shape of a flaw during

growth . Both crack growth lives and critical flaw sizes are very

sensitive to the aspect ratio of crack , that is , the ratio of the

surface length of the crack to the maximum depth. In a RFC

analysis for a particular turbine disk , the crack growth lives
S

varied by a factor of 2.5 for the range of flaw aspect ratio,

0.25-0.5. The following discussions will describe research aimed

at b~amining the feasibility of establishing quantitative relation-

ships between eddy current inspection signals and actual crack.

8
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SECTION III

SIGNAL QUAN TIFICATION

1. APPROACH

To develop the correlation between signal  characterist ics

and flaw size, the approach originally decided upon was to

nondestructively inspect retired , high time disks using the eddy

current technique and subsequently to destructively determine the

size of detected flaws. Specifically, the cracked areas were to

be cut from the disk , oxidized at 1400°F to decorate any fatigue

cracks open to the surface , and finally broken open at cryogenic

temperatures to reveal the fatigued areas (Fig. 3). The procedure

was qui te successful for wha t are considered large cracks (grea ter

than .100” surface length).

i.sA. 4~-~.: . .

Fig. 3 Service Induced Crack Oxidized to Reveal
Fatigued Area (Divisions 0.10 i i i ch)

9
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As an initial effort to examine the possibilities of

signal quantification and to circumvent the problems with crack

size documentation, it was decided to utilize manufactured notches
3

in the study. Flaws were electron discharge machined (EDM) in

retired disks that were free of any detectable fatigue cracks.

Twenty notches were machined with varying aspects ratios in the

range of size .Oll- .282” deep by .030-.755’ in surface length

(Table 1). Width of the notches was from .005 to .007” . Although,

potentially, the major value of signal quantification lies in the

small crack range, it was decided to extend the study to the larger

f laws in order to better analyze any physical relationship that

might control the correlation between eddy current signals and

flaw dimensions.

Notches were machined in two basic shapes , rectangular and

semielliptical. Dimensions were determined by making silicon

rubber impressions of each slot and measuring the lengths on an

optical comparator (Fig. 5 ) .  Photographs were taken of each impression

and the area of each notch was measured.

2. EQUIPMENT AND EXPERIMENTAL PROCEDURES

Two d i f fe ren t  eddy current systems were used for this research.

System A , shown in Fig. 6, consisted of an Automation Industries

Model EM3300 eddy current instrument, Tektronix oscilloscope and

Mosely X-Y recorder. The EM3300 vertical output was AC coupled

to the oscilloscope so that constant of DC signals were not recorded .

The oscilloscope provided an output proportional to its vertical

11
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TABLE 1

EDM NOTCH DIMENSIONS

Semielliptical

Length ( in ~ _____~~ Depth (i~!_
.037 .011

.047 .019

.076 .027

.118 .044

.236 .066

.300 .097

.461 .138

.603 .208

.671 .282

Rectangular

Length ( i n)  Depth ( i n)

.030 .013

.030 .015

.051 .015

.062 .015

.08]. .029

.111 .036

.209 .060

.303 .100

.485 .127

.755 .182

12
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Fig. 5 Silicon Rubber Replicas of EDM Notches
(Divisions 1/32 inch)

-I’ 
~~~~~~~~

— ~_ %I- ’.~ ~~~~~~~\~~~~~~~~~~~~
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Pig. 6 Eddy Current Syste m A and Semiautomati c Rotatin g
Scanner in Pla ce on Turbine Disk

13
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signal which was recorded on the X-Y recorder. A typical signa l

recording from an EDM notch is shown in Fig. 7. The test coil was

electronically balanced with a reference probe after the test

probe was inserted in an unflawed hole. Probe lift—off correction

was made by applying finger pressure to the probe and adjusting

the impedance plane phase control such that any indication due

to lift-off was in the horizontal direction only, thus the only

vertical signals recorded were those due to conductivity changes

such as those produced by passing the coil over a discontinuity .

Experimentation was conducted at two sensitivities (gain settings).

The excitation frequency was fixed at 500 kHz.

~~~~~~~~~~~~~~~~~~~~~~

Fig. 7 Typical Eddy Current Signal from EDM Notch
(Superimposed)

14
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The Gulton Industries Model ND2 was the basis of System B.

This system used the Magnaflux ED520 eddy current unit  which out-

puts its signal (AC coupled) to a Techni-rite strip chart recorder.

The test coil was balanced electronically and lift-off corrections

were accomplished by adjust ing the coil excitation frequency . The

norma l operating frequency was 100-200 kHz .  Various sensit ivi ty

levels were employed with system B by adjusting the strip chart

recorder gain settings. Signals from system A and B were recorded

without electronic f i l te r ing, other than the high pass AC coupling .

A semiautomatic scanner (Fig. 6) was used to rotate the eddy

current probe in a spira l manner through the disk bolt holes. The

probe extended axial ly  .025” wi th  each revolution . Scan speeds

were held constant at one revolution per second . An absolute

eddy current coil embedded in a .625”  diameter Teflon probe was

used for all recordings.

Two scans were made for each bolt hole inspection with an

initial coil location for each 180° apart. This effectively

increased the resolution of each scan to approximately .0125”

per revolution. All recordings were made with  the probe extendinci

into the bolt hole. Flaw signals were recorded on hard copy and

then were digitized using a Hewlett P~~ kard 9820 , desk top calcula-

tion/digitizer. In addition to measuring the maximum height, h ,

and the number of vertical deflections , L, the calculator numeri-

ca] ly integrated the digi t ized signal to obtain the signal area AEC.

15

- -—--~~~~~~~~~~ ----- - ---—-U-U- - - -U---—-—-— ~~~~~~~ -

—U-s — —S —_---~~~.~---- -_U-,& — — - — —— —  — __.I ~~~~~~~~~~~~~ s--’- ~~~~~ _,U-~ — ~~ _~~ __••~~~~~ — ,_~~~~ ‘—a—- — ~~~~~



3. RESULTS AND DISCUSSION

The experiment was designed to investigate how three

basic characteristics of the eddy current signal varied with

specific changes in flaw shape using two eddy current systems.

The relationships of interest (Fig. 7) were the variation of

eddy curren t signal area, AEC~ with notch surface area , AN ;

changes in eddy current maximum signal height, h, with notch

depth a; and the number of vertical eddy current signal de-

flections , L, with notch surface length, 2C.

The experimental results are shown in Figs. 8-12 for

eddy current system A. The variation of maximum siqnal

height, h, is plotted versus notch depth , a, in Fig. 8 for both

414

“C’

0

-‘ .t~.,a -—c .

~~ 
‘ C’ “

b

—~~~~~ 
-

P0

Fig. 8 System A: h vs a for Two Notch Geometries
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shapes of notches. These appeared to be a logarithmic increase

in the maximum height of the signal as the notch depth was

increased with minimal effect due to notch geometry . This

logarithmic behavior was attributed to the well known skin

e f f e ct phenomenon which causes the eddy curren ts to be concen-

trated near the surf ace adjacent to the coil and to decrease

exponent ia l ly  ‘iith depth ( 5) .

Additional data were plotted in Fig. 9 for the notch

depth/~naximum peak height relationship. In this case , the

data represented readings for the elliptical notches at two

sensitivities using system A. The sensitivity level was de-

scribed by the normalizing factor (A/A*) where A is the eddy

current signal area for the particular sensitivity setting and

I
*

A C,

~~~
‘o0

A

0

A Nat ~~ fl

NOTCH D(PTH iV~I

Fig. 9 System A: h vs a for Two Sensitivity Levels

17

U-- U- ~~~- -~~~~~~~~~~~~~~~~~~~~~ -U----—- — U- j’ -U- 
I 

— ____________



— - - - --‘--U- - ------—-- ‘- --— — --- - - ‘  

~

— --- ‘ ----- - “ --. .—~~~~--.- .- - ----_ --__ -----_ -U-_ -r_
_ 

~U- U-~U-!~~~U-U-’U- U-U-_~~ 7 •U-- - U- U--U-_ - U-

‘U-.----- -----’- - ’-’ - -— .-- -‘--

A* is the signal area for the maximum sensitivity used in these

experiments. As (A/A* ) increased , the sensitivity increased .

This figure illus trates that at lower sensitivity levels the

same logarithmic trend was apparent and the saturation level

was not single valued.

A mon tonically increasing relationship was also observed

when eddy current vertical deflections were plotted versus

notch surface length (Fig. 10). tn this case, however , there

appeared to be a significant geometry effect. It was believed

that the variance in response can be attributed to the differences

in aspect ratio between the two sets of notches. It was also

observed that for small notches a large number o,f vertical

peaks were recorded. This is demonstrated in Fig. 10 by an

Oat’

400

1’

C’ 4 ILtOTO.. OaTU*4

NOTC$ LtP~~ H (P0

Fig. 10 System A: L vs 2c for Two Notch Geometries
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apparent nonzero ordinal intercept for the rectangular notches

and was due to the large area or aperture over which the probe

senses. The actual sensing diameter of the probe was estimated

to be 0.22—0.24” (5.5—6 .0mm) for this particular sensitivity

level. This large sensing diameter also caused the number of

vertical indications , L, to saturate as the notch surfaces

length neared the edge of the bolt hole. Subtracting the aper-

ture diameter , 0.23” (6mm) , from the specimen thickness, 0.83”

(21mm) , one would expect the number of vertical indications, L,

to increase linearly with surface length in the crack range

OL2CLO.6” (15.mm). This appeared to be approximately the case

in this investigation.

Plotting similar data for two different sensitivity levels,

Fig. 11 illustrates the slight shift in the relationship as the

‘.0

a

3

100

a

14.0 ,
a

p ~~~~~~~~ *0’)
A tOO
,

14

‘a’- 000

NOTCH LENGTH (It)

Fig. 11 System A: L vs 2c for Two Sensitivity Levels
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sensitivity was altered. Of more interest, however, were the

nonlinear points in the lower crack range (.037”— .047” surface

length). Based on the majority of data for this relationship,

it is believed that these points deviated from linearity be-

cause of the lack of system sensitivity in this crack range.

This lack of sensitivity was due to a low signal to noise ratio

for these data points. It can be seen that increasing the

sensitivity from (A/A*) of .33 to 1.0 reduced the scatter.

The relationship between the area of the eddy current sig-

nal , AEC1 and the surface area of the notch A.~ is shown in

Fig. 12. Here, again there was a monotonically increasing

function which appeared to be independent of notch geometry.

The relationship reached a saturation value which was due to

the exponential decrease in current density with depth of

penetration.

*00 C’

a

400

*00 C’

~Øo 
p

a

I
C’ OO04040IM 40C’4404

~~ 
Co A ILLC ’TC *I .

00

S
.-_ , - 040 00 00

NOTCH 0*EA (I?)

Fig. 12 System A: AEC vs A.~ for Two Notch Geometr:4es
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The experimental results utilizing eddy current System B

are presented in Figs. 13-15. These data represent a range of

different sensitivity levels, but only for the rectangular

notches. In general, the results for System B follow the same

trends as those reported for System A. The eddy current signal

height, h, versus notch depth, a, relationship for varying

sensitivity levels is presented in Fig. 13. Saturation was

much more apparent for these results when compared with those

results for System A (Fig. 9). This difference was attributed

mainly to recorder saturation, and , thus, the logarithmic rela-

tionships which would be expected was truncated. One can also

see in Fig. 13 that as the sensitivity of the system was in-

creased, upper range saturation became more of a problem. In

addition, there appeared to be a lower bound saturation for

System B; no explanation of this behavior is apparent.

00

a

14* 00 *0•1 I A tOO
- 4 • 0 O

O C O

—
o 14 

NO1CH OCPTh)W~? 
~ ° 000

Fig. 13 System B: h vs a for Three Sensitivity Levels
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Eddy current signal area is plotted versus notch area in

Fig. 14 for several sensitivity settings. As with System A ,

the relationships were relatively well behaved monotonically

increasing functions. Sensitivity of the eddy current system,

again , significantly affected the signal.

Co 
I’

ç
F0

P

•0 

,~ 

. 
~~~~~~~~~~

0 
- 

to ~~ 

-

NC,)I’CH AItA 4 )

Fig. 14 System B: ABC vs A~ for Three Sensitivity Levels

Finally, the number of vertical eddy current ind ications

versus notch surface length relationships for system B are

presented in Fig. 15. Regression analyses were performed to

determine the degree of linearity for the three sensitivities

over various ranges of crack size. The standard error of

these best fits relations are plotted in Fig. 16 versus the

sensitivity parameter , (A/A*) . The results indicated that for

the smaller notch length range the standard error decreased

slightly as the sensitivity increased . In the larger notch

range, however, the relationships deviated significantly from

22
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Fig. 15 System B: L vs 2c for Three Sensitivity Levels
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Pig. 16 System B: Standard Erro r from Linear Regression
Fit Over Two Notch Size Ranges vs Sensitivity Levels

linearity as the sensitivity was increased . This can be attributed to the

saturation effect observed as probe approaches the edge of the bolt hole .

- 
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SECTION IV

GENERA L DISCUSSION

The f indings from this program demonstrated tha t relatively

well behaved functional relationships exist between notch size

and various characteristics of the related eddy current signal.

Although the eddy current response from actual fa tigue cracks

may well differ from the machined notch response, it seems

reasonable to assume that relationships similar to those

reported herein could be developed between eddy current signals

and actual fatigue cracks.

It has been demonstrated that the eddy current inspection

technique is sensitive enough to readily detect small flaws .

This technique has been shown in this and preliminary work to

successfully detect fatigue cracks .030” by .040” and EDM

notches as small as .010” by .015” . Smaller fatigue cracks

were detected; but due to the previously mentioned difficulties

the actual size could not be measured . These results support

the conclusion that RPC is technically feasible from an NDI

standpoint for those older design disks which have demonstrated

adequate crack propagation time from this size of detectable

flaw.

TPt i~ research has indica ted particular variables that may

be important in def in ing  s igna l/ f law dimension relationships

for fatigue cracks. It has been shown that the sensitivity

range of the system can significantly affect the type of sianal
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response. In particular, the results suggest that there is an

optimum sensitivity for a particular instrume! t and range of

crack sizes. The sensitivity has been defined by the parameter

A/A* and must be large enough to ensure detection in the range

desired so as to avoid a situation where smaller flaws cannot

be discriminated, Fig. 11, without being so large as to cause

premature saturation. It should also be noted that the in-

crease in resolution (decreased standard error) for an increase

in instrument sensitivity is not large compared to the penal-

ties incurred when saturation is developed (Fig. 16).

Based on this work , it should be expected that each eddy

current system will have its own characteristics and , there-

fore , limitations. Specifically, it is likely that the detection

k levels and saturation points will differ considerably from system

to system. In addition to the problem of system to system

variabili ty, is the issue of probe response for a given system.

Although they have not been treated herein, the variability of

probe response; the effect of probe wear and the interaction

of surface condition with signal response are additional inspec-

tion parameters which should be documented in order to increase

j the reliability of the system.

25

- ___ _i ~~~~~~~— U-U- — - - U - -~~~~
- ’’ — 

__ 
— ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ — —~~~~~ .- ‘U-- —



-4 - --- . - ‘ - -— ‘  - -.  — ‘ - - I’ -~~~

r ~~~~ ‘ — “ - — - — — — -—. - - . — - -- --- -~~~~ —.-..~~-.- -—....-- . - - - ‘ — -‘- - -

SECTION V

CONCLUS IONS

The observation of consistent relationships between eddy

current signal characteristics and notch dimensions indicate

that quantitative NDI for fatigue cracks is feasible.

Both the sensitivity level and the choice of a particular

eddy current system are important variables to be considered

when attempting to establish practical correlations between

signal and flaw.

Using the semiautomated eddy current technique, small
flaws in the size range of interest in this report could be

~~~~~~~~ readily detected. It is concluded , then, that from an NDI
viewpoint RFC is a viable concept.
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