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- - A detailed failure analysis was made of a fan disk from the third stag e of the Navy ’s turbo-jet
engine in order to gain a better understanding of the origin and growth kinetics of the cracks that
had developed in service. The in ser~ ice stress that had caused the cracks to originate was deter-
mined by a two dimensional photoelastic and holographic st ress analysis. A further experimental
stress analysis was made to determine the stress intensity factor , after the crack had formed , as a
function of crack length. These resul t s were compared with ,i fractographic study of the bearing
surface and the fracture surface . It s~as found that the striation spacings were in good agreement ~(Continued)
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FAILURE STUDIES OF A THIRD STAGE FAN DISK

FROM A TF -30 TURBINE ENGINE

I NTRODUCT I ON

In recent years . the Navy has experienced unusual maintenance problems with i t s  E.14

fighter aircraft . One of these is a tendency to develop cracks in the third stage fan disk of its

TF-30 turbo-jet engines. These cracks typically originate in the dovetail region (Fig. I) near

the inner edge of the bearing surfaces between the disk and blades. A fully developed crack

viewed from the leading edge of the dovetail is shown in Fig. 2. Cracks developed in this

region after an unexpectedly short period of service. An investigation demonstrated a correla-

tion between incidence of cracking and radial clearance between the second- to third-stage air

seal. It was found that all of the failures had occurred in engines for which the clearance

exceeded 0.025 in. (0.ti mm). This clearance was found to reduce the effective stiffness of the

t hird stage disk , resulting in a strong 2E mode resonance within the operating speed range of

the engine 1< 10 .500 rpm). This resonance results in vibratory stresses the order of iS ksi

( TO) MPa ) which , superposed on the high centrifugal stress , induce high frequency f’ati gue

failures. A program to reduce the air-seal clearance has essentially eliminated this mode of

failure and increased the service life of this part. However , fatigue cracking problems were

found in other parts of the engine. Thus several studies were initiated at NRL to probe general

aspects of the problem.

In fatigue failures , t he applied stress and the material resistance to crack formation are of

primary importance. To determine the stress , a two-dimensional photoelaslie and holographic

Mjniiicripi suhmiitrd Juh 3 , 19 7$. 
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analysis was performed for the dovetail region (1 - The results demonstrated that a high stress

concentration exists in the fillet and the adjacent bearing area , thus enhancing the probability of

initiation of fretting cracks. A finite element analysis of the same region (21 to determine the

influence of variations in the distribution of bearing forces indicated similar results.

Concurrently with these mechanics-oriented investi gations, a materials study was under-

taken to determine if a suitable heat treatment could be developed which would produce a

microstructure providing superior resistance to fatigue crack propagation in the titanium alloy

(T i -8Al -T Mo- IVI  Previous experience with the alloy Ti ’6A l-4V indicated that heat treatments

above the beta transition temperatu re (3) produce a more resistant microstructure. Preliminary

results [41 are encouraging with definitive results due soon.

Lastly, a detailed failure analysis of a cracked disk removed from service was performed

to determine if features of the fracture surface could be used to discern the failure mechanism.

This report describes the results of that study.

This investigation involved an examination of a single third-stage fan disk removed from

service after 372 hours of operation. The disk was supplied to NRL by the Naval Air Rework

Facility (Norfolk). This disk , which is considered typical of those removed from F-14 aircraft

with normal mission profiles, contained a total of 16 observable cracks in 15 of the 36 Tugs.

Additional cracks which had not penetrated to the end faces of the lugs were uncovered during

the course of the study.

DiSK U G  REMOVA L AN D MACROFRACTOG RAP HY

In order to examine the surface of the cracks which had developed in this disk, it was

necessary to separate the cracked lugs by extension of the pre-existan t cracks. One possibility 
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was to saw through nwst of the remaining section so as to reduce the lorce b r  final fractu re of

the lug, how ever , this entailed the poss ibilIty of damaging the fracture sur face According ly a

tec hnique was developed which permitted removal  of the bugs without sawing Sufficient force

was applied through one dovetail slot to break off an adjacent cracked lug The blade alone

could not be used to apply this force since the thin cross-sec tional .irc.i would not support the

requir ed load For this reason , the lug port ion of a blade (ending .it the platform) was joined ,

bs elect ron bea m welding , to a 3 2~ in ( 8 2 - m m )  long litafl iun) shackl e having the same cross-

sect ion as the plat form This f ixture, shown in Fig ). sust ,iined forces up to tiC) kip (266 kNI

(the highest load recordedt fhe dovetail suffered some damage wi th each lug failure~ the first

one had to be rep laced afte r the ninth lug was broken off In all , fift een Tugs were pulled from

the disk by this method A photograph of the disk mounted in a 100 kip (445 kN) capacity

Tinius-Olsen hydraulic testing machine is shown in Fig. 4
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The fracture s o rt.t ~-e i t  C. IS Ii 1 he rL’IlloS ed t u g s  ~ Is phl ltogr iphCd .11 3 25 \ and cs.iru -

med under a l o w -po w er  hum~ u I.ti m cr l s c I  I~~~C \~ b~ t I he c r i c ks  origii~aIcd near the inboard

edge of the hearing ,irea w i t h  th~ m.l,Ill IS I I .~ 1 lib t hem occ urr ing on the left side of the disk

lug (when viewed fro nt the I rout I the c\pl lsed I r.ict ore sii rt .ices reve a led I h a t  the c racks are

init ialls planar and follow the ~-lnlc pat h .is show Ii OTt  I he su rb ’ace ot the lug (see Fig 2~ .

t s  pical frac t ure surfa ces are slis •w n rI Fig ~ In the bigure the front face oh the disk is on the

right and the lug has been rol.ik’d ‘, I  hat the l i t  igue c rac k is in the plane of photograph. As

can he seen , the c rac ks h.is c qu . i r tc r-e l l t rt ical  t t l l n t S . III .1 high le ngth-to-depth ratio , centered
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ne.t r the s t I lt  I II  I r n :  t .ice in te rsec t ion  Ihe smoothne ss ot the su rt ac e Ie ’ turc i~’l,it ii e t~l the

t.isl t rac t  ure ri’~~II4n hes 111)51 the ell iptic,il per imeter sugges ts that  hes gi s’w as I at igue cr .icks ,

wh i c h  la te r  h igh- resh i tu l i l In  cs . imina t i ( It t  sc r i t i e ~l Whil e most III t t i c  c rj c ks  e nt , i i tj t s ’d ne.ir the

t t i r w  .ird leading corner ot the dis k lug, a s mall c rack 5CC I ig hI w a s  I IL:ns t in the rear ~st a disk

lug the cr a ck s origin ated in the fret /i lnC or in he billet region iust below the ( ret  :oiw It

.ippcars t hat a gi sen cra c k nit lIes .it ses era l points os Ci a distance Ill the oi dci lit millimeters

along t he edge ot the slot I his account s iti pa rt (or the rela l is e ls hig h rat io oh the length u t

the cr .ick a long the dis k slot rela t is e to i ts  depth in the lug I he pat tern ob grow lb .is c r a c K s

progress t’ron their origin is re l a t i se ls  consistent , as st tu iw it . Fig - in an os erla~ (II thi s ser ie s

Ill s arious st ied cr ,ick s
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The force required to fracture a pre-cracked lug decreased with the area of the crack sur-

face that had developed in service For those lugs which fractured so as to make visible the ini-

tial surface of the fatigue crack , the area was measured from the low magnification photographs

The failure load versus fatigue crack area is shown in Fig. 8. Irwin (51 has show- n that , for

semi-elliptical sur face cracks of equal aspect ratio , w ith loading normal to the crack , th e stress

intensity factor is proportional to t he product of the breaking load and the fourth root of the

crack area , -1 The data used in Fig. 9 shows this dependency when plotted as ur versus

crack area , w here tr is the average stress on a lug at failure. It should be noted that this result

applies only to t he loading used to fracture the pre-cracked lugs . and, as w ill be demonstrated

later in the report , not to the mode of loading, w hich produced the fatigue crack growth under

in-sers ce condit ions.

~1

‘A —  -~

- SC

I, ‘ .5 -~

Fig S — The uIIIrn41C load io rem ose ,i lug Is a (unctIon of
Ihe area of the crack that deselope d In SCT% ICC
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Fig. 9 —This shows thai lhe fourth rooi of the produci of
ihe ultimate load and the crack area is a constant. How-
ever this was not (he slate of siress ihal occurred in ser-
vice-

MICROFRACTOGRAPHY AND MICROSTRUCTURE

Fractographic examination included two surfaces: the lug bearing surface for traces of

fissures; and the face of the fatigue crack surface accessed by separating the partially cracked

lugs. To facilitate access to the fretted surface , two lugs which had developed small cracks in

service were removed for microscopic examination by sawing them off across the necks of the

lugs while taking care not to disturb the bearing area. Typical SEM pictures of the contact sur-

face around the fret zone Fig. 10, show many potential crack origins which could have started

cracks other than the ones that culminated in the observable macrocrack. Although initially

5)
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t here is apparentl y a plethora ot origins , only a few combine to bornt the single dominant ~‘rack

which ,isl~ .ti iccs into the interior.

the  regini) aroLind an initiation si te was also examine d on a crack which had been broken

Opel) The origins were initially obscured by debris l’rom t he b’retting w hich had been forced

into the cr.ick and was adher ing to the crac k surface as illustrated in the upper portion of Fig

II . This debris w a s stripped ofT by repeated application and removal ob a pol carbonate replica

material. ihe diblerence in visibility between an unstripped and stripped fracture origin is seeii

by comparing Fig. 11 and Fig. I 2a. Once t he debris was stripped away, it was found that the

shape i~b the grains is not c learly debined near the origin, as shown in Fig. I 2h. It is possible

t hat the loss of definition is due to abrasion oh’ t he fracture sLirl’ace by b’rett ing debris or to

ex t ensive plastic deformation at thi~ fracture initiation site. It can he seen that the origin ot the

fracture surt’ace is inclined at an acute angle to the hearing surb’ttce unlike the rest ob’ t he Irac-

lure stirliice w hich is essential ly perpendicular to the hearing surtacc . This behavior is typical of

fretting origins under the contact tone when shearing borces are present.
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The initial attem pt to observe tatigue striat ions was made in a Cambridge “Stereoscan ’

electron microscope. The SEM . which requires no replication of the surfaces , was used as the

fastest way to examine a large number of locations on the fracture surfaces. However , the

SEM photographs would reveal striations only if they were of relatively high contrast. Such

striations were found on such a small fraction of the fracture surface that it was necessary to

use a method with greater sensitivity. To this end, a standard shadowing technique was used

where a replica material was applied to the fracture surface and stripped off to serve as a base

for the replica, A dense metallic film was then evaporated on the replica surface at an oblique

angle in such a way as to enhance the contrast of any ridges perpendicular to the general direc-

tion of fracture propagation. The replicas were then examined in a transmission electron micro-

scope (TEM). It was found that a larger fraction of the fracture surface exhibited evidence of

fatigue striations. Even with this method, however , striations were found only in small, widely

scattered areas, as is characteristic of titanium alloys.

12 
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Figure I) shows several TEM f racto g raphs taken fr om various reg ions of the fatigu e

crack. Ii was anticipated that the strialion spacings would become larger with distance from the

surface, corresponding to the stress intensity factor increasing w ith crack length. Surprisingly,

this was not the case . The striations which were formed all had low contrast and a constant

spacing that averaged around .04 ~m on the portion of the fracture surface perpendicular to the

bearing surface. Only after the fatigue crack turned tangentially across the lug did the striation

spacing increase , becoming 2 to 5 times larger. These small striat ions are barely visible in Fig.

13. There is evidence of groups siriations with spacings of the order of 0.5 ~em (2 x 10 in.)

in the intial stages of fatigue crack growth , increasing to 1.5 ~am (6 x 10 in.) after the crack

turns. These groups are clearly visible in Fig. 13. It is reasonable to associate these group spac-

ings with low cycle engine fluctuations. Thus it appears that high cycle fatigue striations are

superposed on low cycle engine fluctuations.

The path of the crack through each lug is not along the direction of max imum tensile

stress that develops under centrifugal loading, as indicated by the two-dimensional stress

analysis studies of the lug ii. 2). This analysis would lead one to expect the crack to turn into

the tangential direction a short distance from the surface and then to propagate in a direction

normal to the direction of maximum tensile stress. One possibility for the observed fracture

path is that the cracks are following a line of low fracture toughness resulting from flow pat-

terns produced by the forging operation. To invest igate this a cross-seclion of a lug was pol-

ished, etched , and examined in an optical microscope. The micrograph shown in Fig. 14, which

was typical of the whole lug. shows that t he microstructure is alpha phase in the white areas and

acicular alpha plus beta in the dark area. The alpha/beta region showed some signs ot ’ an inci-

pient transformation to lamellar alpha-beta. Such microslructure is typical ob’ titanium-

Ii
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aluminum ,hhIi lSs w hich h,isc been air-cool ed from the alpha~beta transition region of the phase

diagram There is no es idence of a pattern of flow lines associated with the forging process.

Another possible indicator of anisotropy in the lug section is a variation in hardness. To

check this , a polished section was examined with microhardness measurements along various

direc tton s The values of the micro-hardness level are relatively uniform , indicating no more

var i at i o n than one would expect from the normal scatter in such measurements. Thus the

crack path is not due to anisotropy or flow lines in the lug section. However , textur ing of grain

orientation , det ectable by x-ray diffraction techniques , was not assess ed and hence is yet a pos-

stbi l i t )

STRESS INTENSITY FACTOR DETERMINATION

In an effort to understand the peculiar path taken by a crack propagating from the bearing

surt ice , .t study was made of the stress intensity factor as a function of crack length along this

path One of the photoelastic models that had been used in the earlier work by Parks and San-

ford III was obtained for study. A simulated crack was formed with a jeweler ’s saw along a

path corresponding to that typically observed in these fractures. The saw crack was extended ‘n

small st eps along the path of the actual fatigue crack of the disk in service. Isochromatic fringe

pattern s were recorded for fifteen different values ot’ crack extension.

1 vpis,.l isochromat ic fringe patterns obtained during the test are shown in Fig. I ~ with an

enlargement of one of these in Fig. 16. Inspection of the fringe pattern of Fig. 16 indicates that

the characteristic fringe loops associated with the stress singularity are not symmetric with

respect to the crack line and that the fringe loops on either side of the crack line are rotated by

different amounts. This configuration of the fringe loops indicates that the driving force on the

crack has both opening (k ,) and forward shear (k ,,) components. The observation that the
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I ~ t — t s i ’ s jhr ,’n i.s l i ~ h inge p.iue rns of ihe phoioelasiic model. Ther chow little change fl d ress Inten sI t y
UT TTI I Th e sI mulaTed crack turned th~ corn er

fringe loops above and below the crack line are of different size and different rotations indicates

that there is an effect due to a non-singular stress component which complicates the analysis.

The relationship between the fringe order , N, with polar coordinates r . 0 (relative to the

crac k tip) and the stress intensity factors . K , and K,,, and an arbitrary non-singular stress , a’ ,5

is given by [6) :

[(
~~~1 sin 0 + 2k ,, cos oJ + [K ,, sin ~~ J 2 }

2ir r

sin R1 sin 0(1 -
~ 2 cos 0) + K 7 (I + 2 cos 2 0 + cos 0)1

+ a’ ~, ( . \1t ,,/ h )~ (I)

where h and t , arc the thickness and optical sensitivity of the photoelastic model, respectively, 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - , ~~~~~~~~
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Fringe patterns gos erned by the above relation have received little attention in the litera-

ture and no general method lot e\ tract ing the desired parameters . A ,, K,,. and a’ , ,
~~

. from the

characteristic features of the b’ringe loops has been deve loped. In order to determine these

parameters brom the fringe patter ns of the type shown in Fig. I 5 several different methods were

Is
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des eloped and compared lor accurac y and sensitivity to small errors. Details of these methods

are presented in a separate report [7 ) .

It was concluded in reference [7) that the best method to determine the mixed mode

stress intensity factors from photoe lastic measurements IS to utiliie a procedure which matched

th e fringe order at an arbitrary number of points in the neighborhood of the crack tip to the

abov e-defining equation such that the t itting parameters are the desired unknowns, K ,. K ,,. and

.~ summary of the values of A ,. K ,,, and a’ ,1, obtained for the disk are shown in Table I.

The values Ill K, and A ,, obtained from the photoelastic model were converted to prototype

sal ues b) employing the following scaling relationship

IA ’ ,) ,, ~~~~A A 1  K ,) ,,, (2)

where A is Ihe in-plane s i /C  scaling factor ( W .,. 
~ ,~ 

3 409)

A IS the lhickn ess scaling factor (/ i ,,,/ h ,, 0 .111 )

A 1 is the load scaling factor ( P P,,, 24 , 900/F ,, ) .

The t rac k length a is scaled by

a . = a ,,. ’A , . (3)

The tabulated data for K , and K ,, assoc iated with the prototype IS also given in Table 1.

An effec t ive stre s s intensity factor , K , , , ,  was computed according to the relation

A’ .,. .~/A’,2 + A’ ~ (4)

and is shown as a function of crack length in Fig. 17. The results indicate that K,.,, increases

from zero to a maximum value of about 14 ksi .5/Ti~ (15 .4 MPav4~
) as the crack penetrates the

region near the fillet with a high stress gradient. The value of A , , . remains essentially constant

as the crack extends into the lower stress region and propagates across the lug. As the crack

‘9
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Table I. Summary of Results for K ,, A’ ,,and a’ as a Function
of Crack Length for Fan-Blade/Disk

Model 
- 

‘ 

— 
Proiot~pe

%umbcr l~ S I. i u ~~ A , A
l,  ‘ ,, A , A ,, ~~~~~~.i , A4

I I’Jli Lcngih I
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approaches the compressive fillet , A ,, increases and K 1 decr eases (see Table 1) until the crack

turns through an angle ‘ it 45 degrees and begins to propagate ctrcumferentia lly At this point

A’ , increases markedly and A’,, decreases. With further increases in crack length A’,,. increases

to a ‘salue exceeding 60 ksi 5in (66 MPa~~m)

DISCUSSION

The definiteness of this investigation would have been enhanced considerably had the

actua l flight history and load profile of this disk been known. Even so , certain genera l observa-

t ions can be made and a possible mechanism proposed

By comparing the photoelastica lly determined stress intensity t ’actor wit h the observed stri-

at ion spacing in the region of constant crack growth rate, several conc lusions can be drawn con-

cerning loading conditions during crack growth. If one assumes , contrary to t he fractographic

evid ence that the loading wa s that of low cycle fatigue associated with engine speed fluctua-

tions , the measured stres s intens itY of ’ 14 ksi ~‘in ( 15. 4 MPa~..rn) at t he maximum operating

speed of 10,501) rpm would correspond to the upper bound on .~K . i.e., A m45 . Assuming large

engine speed excursions of 50* or greater (R ? .5) . the ~ K would vary between 7-14 ksi ~ in.

(7 .1.15 ,4 MPa s ni) From the data of Bucci and Paris (81 this range of ~K would correspond to

crack growth rates of the order of 11) ~‘ to 10 in /cycle (
~~ 10 ‘ mm/cycle ). An examination

of the fatigue crack fractography as shown in Fig. I 2a , shows this region to consist predom-

inantly of cleavage leaves with little dimple rupture. \ uen et .tl (91 have shown that In

titanium alloys cleavage is not produced at crack growth rates in the range of 10 in /cycle or

faster. Therefore low cycle fati gue as the primary mechanism of crack growth must be ruled

out. The presence of groups of st riations as seen in Fig. 13 (upper left) is consistent with the

2l

~
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superposil ion III high C)J e tatigue on the low cycle engIne fluctuations through some resonance

range

(‘onsidering the possI hiIIt~ of high cycle fatigue , t he measured K , ,, value of 14 ksi ..in .

I 1~ 4 MPa~ \1) wou ld correspond III he mean value ‘and , assuming an R value of 095 (small

.in1p~ Iu~lC v l h r . I t l s , ns ) , ,~A becomes II ‘2 ksi .~in ~
‘ sIT1g tht s value lit ~ k’ tn t he modified For-

man equation s~lse n b~ BuLL, and Parts [8) results in an extrapolated crack growth rate ol 5.5

- lO in /cycle ( 1 . 4 x 10 Mm/c Scle ) Assuming this crack gr o%st h rate 1.5 constant over the

region of inIt iIa~ crack growth predicts that the total number of cyJes to failure is of the order

I i ’ This prediction is cons ls te n:  ‘ss i th the assumption of low amplitude vibratory stresses at

t h e  tundarne iital t re q uen c~ 
( g l ive rned h~ the rotat iona l  speed) present ~‘vt r  a propagation times

nt 20’) hours ( i e, . 10.500 rpm x 60 rn/hr 200 hour io~ cycles ) . The crack growth rate

prL’di~ted h~ thi s model is ot ’ the order ~0 atomic dimensions and accordingly no dtrect measure-

men: s~ith a T I M  nf slr lat io n spacing e,in be used to confirm these est remel~ low crack growth

r,l:es If t ht s es.planat ion i~ . in fact , the correct picture for the failure of the third stage disk ,

the solu tt Ofl to Ihe premature fai lure problem is to increase the crack Init iation time by reducing

N~ s t r e s s  concenlrations and/or increasing the resistance to fatigue crack initiation and propaga-

tion h~ materia l modification.

(‘ONCLL’SIONS

Based on the results of the various mechanical tests and fractography performed on the

disk , severa l conclusions can be drawn:

Ia )  StriatIon spacings indicate that fatigue crack growth proceeded at a relatively constant

rat e per cycle over the initial region of crack growth. A photoelastic analysis indicates a con-

Stan! effective str ess intensity factor in the initial region that is consistent with this observation.

5’
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(b) Although the majority of the cracks formed near the leading edge of the lug a small

number were found to start at the trailing edge.

(c) SEM studies of the bearing surface indicated the presence of multiple nucleation sites

the coalescence of some of which resulted in formation of the dominant macrocrack. The large

length to depth ratio of the crack is consistant with thb observation, These multiple crack ori-

gins were caused by severe stress concentrations associated with the contact stress condition.
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