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SU)*1ARY

The importance of equivalent initial flaws (ElF) in damage tol.ranc.

analysts is discussed and the rationa le behind an evaluation of their

physical reali ty is presented . Details of an experimenta l prop~am and

a.tallographic analysis are included along with a statistical analysis

of generated data.

Progra m resul ts on a 7075-T73 plate material do not indicate a mean-

ingful correla t ion between the distribution of ElF values and the distri-

bu tion of intermetallic particles . Test results do suppl y addi tional data

on small cracks in holes, however, which are useful for statistica lly

defining empirical ElF ‘values. The empirically established ELF values

ranged from 0.0005 to 0.0036 inch (13 to 90 øn) for 19 experiment al res-ilts .

When ranked , the computed values of ElF followed a logarithmically linear

cumulative frequency pattern which allowed projection of an ELF of 0.0045
inch (115 u r n )  for a failure ra te of 1 in 100.
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1. I NTRODUCTION

The United States Air Force ’s new damage tolerance requirements per

MIL-A-83444 stipula te that initial damage shall be assumed present in an

aircraft structure. More specifically, an 0.005-inch (.125 nm )  initial

flaw is assumed at every structural hole, whereas at critical locations,
the initial damage at a hole is assumed to be an 0.02-inch (0.5 nm) or

an 0.05-inch (1.25 me) crack depending upon the type of struc ture .

The assumption of initial damage is made to insure the safety

of the structure. This does not necessarily imp ly that the fatigue

life to crac k initiation is comp letely ignored , since this would mean

sacrificing a substantial part of the useful fati gue life. It is

possible to select ths size of the  initial flaw in such a manner that

if a flaw of tha t size were present its propagation to fa i lure  would
result in the same fatigue life as is observed for a virtuall y crack—

free specimen. Thus, the assumed initial flaw is not a real crack,

but an equivalent crack which gives fati gue life equivalent to that of

an uncracked part. As such, the equivalent initial flaw (ElF) when used in

this manner is no more than a ma thematical convenience which permits fatigue

life prediction by means of crack-growth analysis only. It eliminates

the need for a combined fatigue-life analysis and crack-growth analysis.

If the above approach is to be considered in design, the equivalent

initial flaw size has to be known. The damage tolerance requirements of

MIL-A-83444 assume a very large ElF, which is based on a conservative

analysis of fatigue data. However, if the ElF is a viable concept , it

would be worthwhile if it could be given a physical basis, so that the

size of the ElF could be obtained from a measurable physical quantity

instead of from an empirical study.

Since the fatigue life of a part or coupon with a hole is affected

by burrs and scra tches , it seems feasible that the ElF can be correlated

with the quality of the hole . This is the approach presently pursued by

the USAF .

7
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Many experimentalists [e.g., l_31* have observed that fatigue cracks

are often initiated at inclusions or second phase particles in the mate-

rial. The inclusion or particle may break [4) or lose coherence [2] and

thus introduce an (initial) crack or flaw. Therefore, it was worthwhile

to investigate whether the size of particles determines the s ize of the

ElF. The statistical nature of the distribution of partic les and their

variable size would determine the probability of a (large) particle being

intercepted by the edge of the hole at the point of highest stress. Thus,

it seemed likely also that the scatter in fatigue life (i.e., the statisti-

cal population of ElF) might be related to the particle statistics.

The objective of the work reported here was to investigate whether

particles can indeed be correlated with the ElF. To this effect fatigue

tests were run on coupons with a central hole. The particle content of

the material , 7075-T73 plate, was first characterized. Also, the parti-

cle distribution at the edge of the holes was carefully recorded. Finally,

it was checked whether the size of the ElF was in accordance with particle
size. The results were negative, in the sense that it was established that

particles appear to play no dominant role in the initiation of a fatigue

crack at a hole (although they may in smooth specimens).

This report is organized to first give a detailed description of the

research program, then follows the statistical characterization of the

particle content of the material used for the experiments . Subsequently,

the distribution of particles at the edges of the holes in the test speci-

mens are discussed. Thereafter, follow the experimental results and a

review of the fractographic observations at the crack initiation sites.

Finally, the concept of the ElF and its relation to particle size and
distribution are discussed in detail.

_ _ _ _ _

* References are listed on page 67.

8
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2. RESEARCH PROGRAM

Thu research program was initiated to determine whether a correlation

ex ists between the size of inte rmetallic particles in a structura l aluminum
alloy and the size of an equivalent initial flaw that could be used in a
crack-growth analysis to predict fatigue failure. Th. basic premise behind

this idea was that interinetallic particles (or clusters of smaller par ti-
cles ) ac tually could be viewed as inherent flaws or microcracks in the

material. Considering a random distribution of par ticle sizes and loca-

tions , it was presumed that a component with a large intenn e t~ l1ic parti-

cle (i.e., flaw ) in a highly stressed region of that component would fail

before a similar component withou t metallurgical discontinuities in criti-

ca l areas . If true , this concept would help explain the scatter typicall y

seen ir. fat igue data and allow more realistic fatigue-life estimates .

The exper imental program described in the following sections was

devised to evaluate the relationship between intermetallic particles and

equivalent initial flaws . The initial task was to characterize the inter-

metallic particle distributions in the 7075-113, 0.250-inch- thick plate

chosen for this study. Once the par ticle dis tributions wer e quantified
for the overall pla te , center-hole specimens were manufactured . The spec-
imens were designed in such a way as to promote crack initiation at the

hole /plate surface interface where the inte rme tallic particle distribu-

tions could be documented . These spec imens were then fatigue cycled under

cons tant amplitude load conditions until cracks initiated at the front

corner of the hole, at which time, the crack initiation site was photo-

graphed through an optical microscope. Subsequently, the specimens were

reloaded into the fatigue system and cycled to failure while monitoring

crack extension. After all fatigue testing was completed, each of the

fracture surfaces were examined with a soanning electron microscope.

Finally, the crack initiation and propagation data were reviewed in the

context of an equivalent initial flaw. Each of these phases are elabo-

j  rated upon in the following sections .

~.
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Statistical Definition of Intermetallic Particles

The distribution of intermetallic particles in the 7075-T73 plate
material were de termined in the Battelle me tallography laboratory and the

National Aerospace Laboratory (NLR) in the Netherlands. The NLR equip-

ment was used in addition to the Battelle facilities because it has a
computerized image analyzer which permitted examination of a large number

of image fie lds . The data from these two investigations and an inter-

pretation of the results follow in the next few paragraphs.

NLR Image Analyzer Results

The NLR La the Netherlands provided, on a gratis basis , access to

their automated image analyzer which scanned 2000 image f ields on each
samp’.’- using seven intermetallic particle size classes. In addition to

partic le size , the ana lyzer also computed mean free distance between

partic les and the total area of partic les. Each field was 2.65 by 3.54
mils* (67 x 90 sn) and the total area scanned on each sample was 50 fie lds
wide or 0.132 inch, by 40 fields long or 0.142 inch (3.60 sin), for a total
viewing area of 0.0187 inch2 (12.06 ~~~3 )•  Two dif ferent samples we re

examined , both in the X-Y plane (or rolled surface ) of the pla te . The

data obtained were transferred to punched cards for computer analysis .
The data were analyzed in several ways. First , computer generated

maps were drawn that reflected the size distribution of particles and
the density of partic le clusters . For example , Figures 2.1 through 2.4

demonstrate the distribution of particles greater than .095, .235, and

.380 mils (2.4, 4.8, 6.0, and 9.6 ~.&m) in length, respec tively, for Sample
A2. Similarly, Figure 2.5 shows the density of particles (by percent
projected area) for the 0.0187 inch3 (12.06 nmn~ ) area scanned on Sample
£2. These figures illustrate a more or less random distribution of inter-

me tallic partic les , most of which are less than 0.1 mil (2.4 un) in length,
and which represent less than 5 percent of the area of 99 percent of the

scanned image fields. A similar trend was observed on Sample B2. These

results indicated that the intermetallic partic les being examined were

quite small (at least relative to currently used ElF sizes) and that they

were quite diverse.

* I mil — 0.001 inch.
- 

- 
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3att.lle Quantimet Results

At th. same ties the NLR results we re being developed , an e f fo r t was
also underway in th. Ba tt elle m.tallography laboratory , using a Quantim.t
system to develop collaborative results for the X-Y orientation , and new
r.sults for the Y’Z plane (perpendicular to the rolling direction in the

pla te and the plate surface) and the X-Z plane (parallel to the rolling
direction and perpendicular to the plate surface ) . Three specimens were

take n from Sec tion £2 (one for each orientation ) and one was take n from
Section B2 (X-’~ orientation).

The specimens were given a routine metallographic preparation and then

stain-etched to darken all intermetallic constituents . No attemp t was mad.

to differentiat . between the several intermetallic phases present and , as a

consequence, the quantitative analyses were performe d on all  intermetallic
phases indiscri minately. The foll owing analysis results were obtained with

the Quantime t at a magnification of 180 diameters on the screen:

• Sis. and distribution of particles

• Ave rage particle s u e
• 14 an free distanc e between partic les
• Aspect ra tio of particles

I S u e  and distribution of clusters of particles .
Table 2.1 lists the s u e  and distribution of all tntermetatltc phases

present in the specimens . These data were •stahlishe’d from an examination

of from 30 to 48 fields per sample , each field being 0.00287 inch
2 (1.85 us2)

in area. Table 2.2  lists the siz, and distribution of clusters that were

obvious to the eye when the image was projected on a television monitG:.

I t should be no ted tha t nearly all of the clusters defined in Table 2 .2

were counted as one large inc lusion by the imag. analyser and they are

tabulated as such in Table 2.1. Table 2.3  lists the average volume frac-

• tion of particles , the average total pro jected height of all features in
• the vertical direc t ion, the calculated average chord side , the average

par ticle diameter , the mean free distance between particles , and the

aspec t ratio.

In genera l , the Battelle results demonstrated the same findings as

the NLR da ta , i.e., mos t of the intermetal lic particles were less than
about 0.24 mi ls (6 i&m ) and they were randomly dispersed to provide on the

• average only abou t 2 percent of the materials volume fraction.

lb
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TABLE 2.1. S rZE AND DIs’rRIBUTI0N OF INTERNETALLIC
PHASES IN 7075 ALUMINUM PLATE

Ntmiber of part icles in each class range

Range Preparation A 2 Preparation B 2
Mils (microns) x—y x—z

<0.12 (< 3) 11489 8911 10989 12933
0.12-0.24 (3—6) 5035 6114 6826 4784
0.24-0.35 (6—9) 1935 2970 3058 1472
0.35-0.47 (9—12) 824 1119 1103 510
0.47-0.59 (12—15) 345 594 491 18].
0.59-0.71 (15—18) 206 326 225 90
0.71-0.83 (18—21) 73 142 95 36
0.83-0.94 (21—24) 57 66 38 19
0.94 - 1.06 (24—27) 26 34 22 5
1.06-1.18 (27—30) 31 18 5 6
1.18-1.30 (30—33) 11 16 9 1
1.30-1.42 (33—36) 8 6 1 1
1.42-1.54 (36—39) 1 8 4 2
1.54 - 1.65 (39—42) 10 5 0 —

1.65-1.77 (42—45) 1 1 1
— 1.77-1.89 (45—48) 5 0 1

1.89-2.01 (48—51) 4 1 —

2 .01-2.13 (51—54) 1 1
2 . 13-2 .24 (s4—s7) — —

Total 20062 20332 22868 20040

TABLE 2 .2. SIZE AND DISTRIBUTION OF CLUSTERS

Range PreDaration A 2 Preparation B 2
(microns) x—y x—z y—z x-y

1.71 - 0.83 (18—21) 6
0.83-0.94 (21—24) 12 1
0.94-1.06 (24—27) 12 9 3
1.06-1.18 (27—30) 21 4 1 4
1.18 - 1.30 (30—33) 10 4 3 1
1.30-1.42 (33—36) 8 4 1 0
1.42-1.54 (36—39) 1 7 3 2
1.54-1.65 (39—42) 10 3 0 — fl
1.65 - 1.77 (42—45) 1 1 1
1.77 - 1.89 (45-48) 5 0 1
1.89-2.01 (48—51) 4 1 —

2.01-2 .13 (5~~~4) 1

Total 92 35 10 10
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Pot~ntL*l Methods for Equating. Inter-
metallic Densities With an El? Sigs

V iewing both the NLR and Battelle results on tntermetallic particles ,

it was possible to quantify both intermetallic frequencies of occurrence

and densi ties . For example, Figure 2.6 shows an exceedance diagram for

prepa ra tion A2 in the X-Y orientation based on the NLR data. Each of the

curves represent an exceedance line for a particular size intermetallic

partic le. Since ther. were 2000 fields examined , 2000 pos itive occurrences
correspond to 100 percent occurrence , 200 to 10 perce nt , 20 to 1 perce nt ,

and so on. For example , looking at all interuietallic particles, regardless
of size , approximately 200 fields out of 2000 (10 percen t ) con tained over
lb inter tallic particles; while only about 10 blocks (0.50 percent) con-
tained over 33 intermetallic partic les. The same type of curves are con-

structed for large r intermeta llic particles and all represen t nearly
linear exceedance curves . A very similar pattern was also observed with

preparation 82 in the same orientation , as is demonstrated in Figure 2.7.

Figures 2.6 and 2.7 showed the &LR data according Co frequency of

occurrenc e of specific numbers of inclusions of greater than a certain

s ize . Figure 2.8 presents the same type of data in a different manne r

as taken from the Battelle study. Looking at the X-Y plane again of prepa-
ration £2 (as previously tabulated in Column 1 of Table 2.1), it can be
seen that mos t of the observed interme tallics were less than 0.24 nil (6
j )  bu t a few as lar ge as 2.00 nil (51 urn) were noted.

By normalizing the data taken in each study to inclusions per uin~, it
was possible to compare the NLR and Battelle results in the X-Y plane

averaged be tween both sample preparations . This comparison is shown in
Figure 2.9. Significant differences exist. Most importantly, no inter-

metallics above 0.63 mu (16 urn) were observed in the NLR study (as com-
pared to intermetallics up to 2.00 mU (51 i.~m) in the Battelle work), and

approximately 5 times the number of small inclusions , less than 0.12 nil

(< 3 ~e), were noted in the NLR study as in the Battelle invesitgation.

These discrepancies appear to be explainable on the basis of differing
resolutions of the image analyzer systems. Many particles seen as
single intermetallics by the Quantimet at l8OX are resolvable into sepa-

rate smaller intermetallics when viewed at higher magnification.
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This was previously documented in Table 2.2 and is illustrated specifically
in a sequence of photomicrographs shown in Figures 2.10 through 2.12 , where

an intermetallic particle congrega t ion is progres sively magnified from
l8OX to 390X and , finally to b OX. Clearly, what was initially seen as
several large internetallic part ic les , was really a sass of c losely spaced ,
relatively small particles. The large intermetallic s cited in the Battelle
results are clearly based on these par t icle conglomera tes , while the Nut

resul ts are eviden t ly based primarily on individual particles . It is

somewhat less obvious , however , which perspective is the moat meaningful
in terms of defining the interme tallic “character” of a specific material.
When viewed in the context of an ElF , it is not unreasonable to assume

that very closely spaced partic les , such as those identified as clusters
in Table 2.2, would act jointly at a region of high stress a lmost in the
same way as one larger particle . On that basis , the Battelle resul ts
seemed to offer a useful representation of the intermetallic “character ”
of the 7075-T73 plate material under investigation.

Extending the idea of adjacent small particles or c lusters work ing
jointly in an initial damage process , it was possib le to characterize
the material in an even simpler manner. This was done by digesting the

percent area of internietallics information into a frequency of occurrence

diagram as shown in Figure 2.13. Although there was some variation be tween

sample prepara tions , a log-linear decrease in frequency of occurrence was
evident with increasing area fraction per block (or image viewing area).

Based on this figure , one would expect that on the average , one ou t of 100
randomly selected sites on this plate of 7075-T73 would contain at least a

4.8 percent area fraction of interme tallic particles . Or , in other words ,

given a specific 1.00 x iO~ ~~~~ (.6 5 51~~) site in the materia l (suppose

it is the cri t ical si te in a componen t ) there would be a 1 percen t chanc e
that it wou ld be made up of at leas t 4.8 percent interme tallics , and only

a 0.05 percent chance that it would contain at least 8 percent inter-

metallics.

On the assumption that increasing intermetallic density in critical

areas of a component was directly corre lated to decreasing crack initia-

tion re~istance and reduced fatigu . life , it was postulated tha t an ElF

could also be tied to the sise and distribution of intermetallic parti-

cles . This idea was evaluated in the experimental program which is de-

scribed in the following paragraphs , beginni ng with the specimen design

and prepara tion . 
24 
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Specimen D,sign and Preparation

At the outset , a number of specimen des igns were cons idered for the
experimental program , ranging in complexi ty from single hole pla te speci-

mens to multiple hole-multiple load path specimens . The choice of a

specime n design was narrowed grea t ly , howeve r , when it became apparen t

that a pre-test examination of the edge of each specimen hole with the

Quan t ime t would be appropria te to document the presence and density of

in t.rmetallic particles . Cons idering the polishing required around each

hole and the limited access area to the Quantime t for viewing, a simple ,

single hol. specimen became the mos t practical design . Thus , this speci-
men design was selec ted in concurrence with the Technical Monitor. A

sample size of 50 was selec ted even though only about 20 tests were con-
templa ted , to provide a sizable base for selecting test specimens with

the wides t varia t ion in intermetallic densities.
The specimen configuration chosen was a single—hole plate design, 9

inches (229 mm) long by 3 inches wide (lb.2 mm) as shown in Figure 2.14. The

specimen axis was taken transverse to the rolling direction so tha t
eventual strings of particles would be oriented in the direction of crack

growth. The effect of particles would thus be enhanced to facilitate

interpretation of the observations. To begin , SO blanks were cut and sized

and central holes were bored . Hole preparation procedu r es were carefully

controlled to minimi ze deformation around the hole and to achieve uniform

hole sizing and finish . The fina l hole size of 0.500 + .001 inch (12.7 mm

± .03 mm) was achieved with a precision boring too l to achieve an interior

finish on each hole of nominally 25 rms. The relativel y large hole , which

gave a stress concentration factor of 9 •5 7 ~SJ , was chosen to decrease the
biaxiali ty of st resses on the in te ri or of the hole , which increased the

potential for crack initiation at the corners of the hole. In addition ,

the back edge of each hole was corner—rounded to a l/ l t~—inch (1.59 mm)

radi us to promote crack initiation on only the front , polished corners of

* the hole where microscopic examinations were made.
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~~~~~~~~~~~ hole (corner-rounded on

9.00 
— _________ bock side)
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~
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FIGURE 2.14. SPECIMEN DESIGN FOR CRACK 1NIT1ATION/INCWSION STUDY
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After the central holes were drilled and corner -rounded in each

specimen the collection of test pieces were polished and etched on the

front face around the hole to facilitate microscopic inspection for

intermetaliic partic les. The collection of specimens were subsequently
screened with a Quantt.et System to identify the percent area of inter-
metallic partic les present in a region up to 0.005-inch (0.127 mm) from
the hole and through an arc of approximately 3.4 degrees on each s ide
of the hole perpe ndicular to th. intended load axis. This region of

approxima te ly 2.59 mu 2 (0.167 ~mn2) was viewed at 390X .

Optical Cpteaorizatton of Specime ns

From the co llection of 50 specimens (100 viewing areas), area (or
volume )* fractions of interme tallic particles were found ranging from 0.2
percent to greater than 4 percent. The distribution of volume fractions

for these samples conformed well with the expected trends established for

the bulk material , as previously shown in Figure 2.13. Three specimen

categories were established based on the observed volume frac t ions , repre-
sen t ing low, intermediate , and high int .rme talhtc densities . The speci-

mens selected for each of these categories are listed in Tables 2.4 through

2.6 , respectively, along with the percent area of intermetallics noted on
th. left and right side of each specimen.** Examples of low intermetallic

density specimens are shown in Figures 2.15 and 2.16, while simi lar cx-
aaples for intermediate and high intermetallic density specimens are shown

in Figu res 2.17 . 2.18. 2.19, and 2.20 , respectively. At the magnification
of 50 diameters shown in Figures 2.15 through 2.20 , the region over which
the interme tallic density readings were made is about 0.26 inches wide by

1.50 inches (0.6 mm wide by 3.8 mm) high . This area was taken d irec t ly
alongside the edg. of the hole in the region where crack initiation was
thought most likely to occur. It was noted in several cases that the re

was a low concentration of interme tallics near the hole and significantly

highe r concentration . slightly sway from the hole . Five of these speci-

mens were rebored to a slightly large r diame ter to locate the edge of

the hole in the middle of the int.rmetalltc particl , cluster.

* On measurement. including a sufficientl y large number of particles , the
area fraction of particles seen on the surface is statistically identi-
cal to th. volume fraction of particles in the plate (61.

** Lef t and right were •stablished relative to th. polished surface with
the etched specimen numbe r oriented on the bottom .
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TABLE 2.4. SPECIM~ 1S SELECTED FOR CATEGORY I — LOW
PARTICLE CONTENT (il.0 PERCENT )

Percent Area
Specimen Intermetallics

Number Left Righ t

10 1.0 1.0

11 0.4 0.6

32 0..8 0.6

40 0.4 0.8

50 0.9 0.9

Alternates

48 0.6 0.6

2 0.4 1.2

21 0.4 1.2

20 0.8 1.2

26 0.8 1.2
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TABLE 2.5. SPECIN~ 1S SELECTED FOR CATEGORY II —
INTERMEDIATE PARTICLE CONTENT

— (~~2.0 PERCENT)

Percen t Area
V 

Specimen tntermetallics
Number Left Right

16 2.0 1.8

18 0.8 2.0

33 1.2 2.0

34 2.0 2.0

35 1.6 2.0

Alternates

27 0.6 1.9

37 1.2 1.9

19 1.8 1.0

39 1.6 1.8

42 1.8 1.4
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TABLE 2.6. SPECIMENS SELECTED FOR CATEGORY III —

HIGH PARTICLE CONTENT (>3.0 PERCENT)

Percent Area
Specimen Intermetallics
Number Left Right

5 2.4 4.0

36 2.4 3.2

43 2.2 3.6

46 2.6 4.2

47 3.4 2.4

Alternates

24 3.0 1.2

28 1.4 3.0

9 1.8 2.8

Rebores

31(a) 2.0 2.8

17(b) 1.0 2.4

(a)Rebored hole diameter — 0.521 in.
(b)Rebored hole diameter — 0.529 in.
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(b) Right Side of Hole , 0.6 Percent
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FIGURE 2.16. SPECIMEN NO. 32 VIEWED AT 50
DIAMETERS

35

—-_---_ — _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



— .—V V V -V
~~~~~

-V
~~~~~

_-V V V 
~~~~~~~~ 

-V -V -V V -V -.— — — —- -  V _-V— - -

NADC—77250— 30

~~~~~~~~~~~~~~~~~~~ :. •~~V 
-

:p~- .. :-;
~ ~~~~~~~~~~~~~~~~~~~~~~~~~

b

(a)  Lef t Side of Hole, 0.8 Percent
Intermetallics Near Edge

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
..

__________ ~ ~~• -
~~~~ - V •’• ~~ -

V - - V~~ - 
~~~~~~~~~~~ • I - -

-‘ 
I 

~~~~~~~ 
I I

• ‘. •• ‘~~~ •~ . - -—

- 
~~

I 
,~~

j .( ..

~ ~~~~~ 
V

(b) Right Side of Hole, 2.0 Percent
Intermeta llics Near Edge

FIGURE 2.17. SPECIMEN NO. 18 VIEWED AT 50
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FIGURE 2.19. SPECIMEN NO. 36 VIEWED AT
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This procedure was only marginally successful , with only two of the five
showing substantial increases in intermetallic density after reboring.

These specimens are identified in Table 2.6.

Experimental Program

Af ter the specimens were machined and optically characterized , the
test matrix was finalized and the experimental procedures were defined.

Tea t Ma tr ix

The test matrix was designed specifically to evaluate the statiati-

cal significance of fatigue life variations between center hole specimens

exhibiting low, intermediate , and high intermetallic content at the hole

corners . Two different maximum stress levels of 18.0 and 15.0 ksi (124
and 103 MN/rn2) with a ratio of R — 0.O5’~ we re chosen to achieve average
fa tigue lives of about 50,000 cyc les and 200 ,000 cycles. At least three

tests were to be conducted for each stress level and intermetallic cate-

gory which resulted in a minimum of 18 experiments.

Experime ntal Procedures

All experiments were conducted in a 25,000-pound (11,360 Kg) capacity,
closed-loop MTS electrohydraulic test sys tem. The specime ns were cyc led in

load control at frequencies ranging from 10 to 20 cycles per second. Load

levels were continuously monitored and controlled within 1 percent accuracy.

A traveling microscope with a 20-power reticule was used to monitor both

crack initiation and propagation.

The basic test procedure was to mount a selected specimen in the machine

(while maintaining hole orientation with respect to optical micrographs),

cycle the specimen until a crack initiated on one or both corners of the

hole , remove the specimen for further optical examination, and finally,
reinstall the specimen and cycle to failure while monitoring crack propa-

gation. The size of crack constituting initiation varied somewha t from

specimen to specimen depending on how quickly the crack could be observed,
but most cracks were found in the range of 0.003 to 0.010 inch (0.076 to

0.25 mm).

* R — ratio of minimum/maximum stress.
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Experimental Results

The •xperi..ntal results are subdivided into three separate but

related areas . First , the fatigue-crack initiation and cycles to fa ilure
data are presented , followed by the optical review of crack initiation

sites, and lastly, the scanning electron microscope results are presented.

F~tigue-Lifø I~ ta

Results of the experimental program are presented in Table 2.7 for

each stress Level. i.ntermetallic category, and specimen number. The data

include cycles to initiation and to complete specimen failure, along

with the percent area of intermetallic particles along each side of

the hole where initiation first occurred is asteriskad.

Average crack initiation lives for the specimens tested at 18.0 ksi

(124 MN/rn2) varied from a minimum of 43,100 cycles for Category I to a

maximum of 132,400 for Category 3. This trend was in direct opposition

to what was anticipated , i.e., the specimens with higher intermetallic

percentages at the hole survived a greater number of cycles before crack
initiation than did the specimens with a low percentage of in termetallics.

These results are biased significantly Sy Test No. 5, however, which

failed at a very high fatigue life. If that result is discounted (although

no sound reason for exclusion has been found), the average fatigue lives

vary by a considerably smaller margin. Regardless of whether Test No. 5 is
included or not the origina l premise regarding intermetallic density and

its effect on crack initiation was not born out.

The results at 15.0 ksi (103 MN/rn2) are similarly inconc lusive ,
a lthough there is some indication that Category 3 specimens do fail

earlier than specimens with lower interme tallic content.

In general, the laboratory experiments which were performed did not

support the originally projected relationship between high intermetallic 
p

density and low fatigue life. This lack of correlation is easily noted

by examining the percentage of specimens that firs t initiated on the side

of the hole with the highest interme tallic content-only 10 out of 19, or

53 percent initia ted on the highest side . This percentage is easily dis-

counted on the basis of random occurrence .
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Of course , there remained the possibility that a de tailed optical and
e lectron microscope examination of these specimens , particularly those
displaying low fatigue lives , might provide insight into the underlying
factors causing the unexpected trends . Those results are presented in
the following sections.

Optical Review of Crack Initiation Sites

As men tioned previous ly, once an observable crack was initiated in
each fa tigue sample, the specimen was removed for examination with an
optical microscope. This practice was enlightening in several ways, and
proved significant in understanding the overall test results.

One observa tion , made early in the study, was that the primary crack

initiation site did not necessar ily occur within a narrow arc of the hole
perpendicular to the load axis. While categorizing the individual speci-

mens as to intermetallic content, an arc of approxima tely 3.4 degrees on
each side of the hole was included to a depth of about 0.005 inch (0.127

mm). Some specimens, such as Specimen No. 16 in Figure 2.21, exhibited

crack initiation as much as 20 degrees away from the center line of the

hole, well beyond the region which was charac ter ized for intermetall ic
content. This did not happen in all cases, however , and could not be
attributed to fixture misalignment or specimen design. The zone of

characterization and the actual initiation site were, therefore , in some

cases , comple tely unrela ted , and any apparent correlation between inter-
metallic category and crack initiation performance would have been com-

pletely fortuitous. However, examination of the area of crack initiation indi-

cated that no better correlation should be expected with the particle density

at the actual initiation sites. This can be appreciated from some of the micro—

graphs.

Inspection of Figure 2.21 also reveals another surprising result that

correlates well with the test data. The site of initiation in this specimen

was in a region apparently free of significant intermetallic particles, while
no cracks formed at the clusters of sizable intermetallic stringers nearby..

Of course, these are only surface observations and intermetallic clusters

may have been subsurface to the actual initiation site.
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Sass cracks did initiate at zones of significant interse tallic

particles . For .x~~ple, Specimen. No. 27 and 28 •xhibit.d cracks at

stringers and thos. cracks appeared to follow along those stringers in

the early stages of propagation as shown in Figures 2.22 and 2.23.

The.. stringers are quite long in some cases (0.006 to 0.020 inch (150

to 500 nm)) compared to any recorded particles or clusters of partic l.s.

The mechanisms which lead to cracking at such stringers , while lead ing

to a complete ly different crack initiation site in cases such as Specimen
No. 16, remain unclear.

l4iltiple initiation sites were observed in several cases , as in

Figures 2.24 and 2.25, but only one crack propagated beyond abou t 0.010

inch (0.25 so) in every instance . Th. first crack to appear was not

necessarily the critical one , however; in at leas t two instances , a small

crack was observed in one area of the hole and a crack subsequent ly

developed and lead to failure in ano ther area on the same s ide of the hole.
Cracks common ly formed (five ou t of nine t imes) on bo th sides of the

hole before the specimen failed at the 18.0 ksi (124 MN/ma) stress range ,
but cracking occurred on only one side in mos t cases (nine out of ten

times) at the lower 15.0 kat (103 ~4t4/m~) stress range. This behavior is

apparen tly attributable to the fact that the ratio of cycles to crack

initiation to cyc les to failure typically increases with decreasing stress

for a given specimen geome try, and tha t the period of survival beyond

crack initiation was so brief in most cases at the low stres* range that

the statistically expected crack on the opposite- side of the hole d id no t

have time to form.

Scanning Electron Microscope
Review of Frac ture Surfaces

After the spec imens were failed a postmortem examination of the frac-

ture surfaces was conducted with an ISI-100 scanning electron microscope .
This work was done to confirm the point of initiation and to identify
intersetallics and other irregularities which influe nced the crack initia-

tion and propagation process.
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FIGURE 2.22. SPECIMEN NO. 27 VIEWED AT 250 DIAME TE RS,
RIGHT SIDE OF HOLE WITH A CRA CK PASSIN G
THROUGH INTERME TALLIC CLUSTER

46

L _ _ _  __ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _  _ _  

--
- - - -  - 

V — ~~~~~ ~~~~~ —— _________ - V~ 

V



—-V- -V--V-V-V

NADC’-77250—30

-- - 
V -

V -

I - ~~~~.

.

‘S 
-~~ 

- 

- V t 5  
‘ - 4  

~V
- -
~~ 

•
-
~~, V ~~~~~~~~

H -
~ 

‘
~

- - - - 9 ~~~~
— 

-V -.
Y~ ~~~~~~~~~~~~~ 

V&-Vt~* 
.55~~ - —

V V 

~~~~~~~~~~~~~~~ 4”
-

— V V ~~ ~ 
-

- . 
‘I 

- V

T - -

I 

— 

- 
I 

- 
‘ - - . J V 

- 

~~~ 5 
— 

- 

-

IV • 
*~~

- 
~~.
“ ‘ . w

F IGU RE 2.23. SPECiMEN NO. 28 VIEWED AT 200
DIAMETERS . RIGHT SIDE OF HOLE
WITH A CRACK PASSING THROUGH
INTERNE TALLIC CLUSTE R

47



- -
~~~~~~

NADC—77250-30

• 

— ‘
V • . - V

- . 
- - ‘ r . e : •

~~~: 
-

V
. 4  S

~~
,_ ,  - .

- - 
-V V ,~ ~~~~ - 

- V -- V -
- V

4. •V

% 
-V

- 
•~
i,. :.~~~~~ - V 

I

- -
V - 

‘ 
.
~ V V

- ‘ a  ~~~ 
-

‘- -
• .‘ 

V

-q S • -4
’

FIGURE 2.24. SPECIMEN NO. 18 VIEWED AT 100
~HANETE RS , RIGHT SIDE OF ROLE
WITH MULTI PLE CRACKS FORMED

48

I

-V V-V —  -- ~~~~ — -V_••
~~~

-V-V
~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V — — — - - - ~~~~~~~~~~~~~~~~~~



_ _ _ _ _  -- _ _

NADC-77250-30

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

r

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

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

~~~ u~SI
-t ~~

V 
~~~. 

- 
~~~~~~ -: .-c- ~ ’

C
- 

- ~~~~~~ -‘ .5
..’

FIGU RE 2.25. SPECIM~~ NO. 32 VIEWED AT
250 DIAMETERS, LEFT SIDE
OF HOLE WITH MULT IPLE
CRACKS FORMED

49

— —- - ~ ~~~~ ~~~~~~~~~~~ V - ______

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

V

~~~~ 

V - V -- —-



NADC-77250—30

It was confirmed through SEll examinations that crack initiation did
occur at the corners of the hole and not interior to it. Figure 2.26

illustrates a typical fracture surface (Specime n No. 33) at low magnifi-

ca~ton. Sites of specific interest are noted on the fracture surface

for future reference. Figure 2.27 shows the same fracture surface at

lOOX magnification, where signs of c leavage fracture become evident. A
f ur ther increase in magnif ica tion to 500X in Figure 2.28 reveals the

slanted initiation zone (evidently along slip lines) that was typical

of nearly all the fractures. This zone was typically abou t 0.0005 to

0.0010 inch (12.7 to 25.4 pm) deep and triangular in shape. A close

examination of this initiation zone (at 3000X , see Figure 2.28 ) did not
reveal large intermetallic particles within it. This absence of domi-

nant particles in the initiation zone was typical of other specimens

examined also; for example , Specimens No. 24 and 16 shown in Figures 2.30
and 2.31. Intermetallics are visible in some of these photomicrographs,

howeve r , and they are comparable in size to those seen on the surface.

For example , in Figure 2.31 (Specimen 16) there is a particle evident on

the fracture surface that is about 0.1 mu (2.5 pm) in diameter. It is

an order of magnitude smaller than the slant fracture zone preceding it ,

however , and it appears unlikely that it caused the crack to start. It

is true that Specimen 16 did have a very short crack initiation life

(39 ,200 cycles at 18 ksi (124 MN/rn2), but it is also true that other

comparable specimens such as Specimen No. 36 displayed equally large
particles in the initiation zone (See Figure 2.32) and yet , a substan-

tially higher fatigue life — 94,000 cycles at 18 kst (124 MN/mR . The

inf luence of these intermetallic particles on the crack initiation pro-
cess is , therefore , rather unclear.

Once the crack propagates substantially beyond the Initiation zone

the role of intermetalLic particles , in controlling gross crack-growth

behav ior at leas t , appears to decrease even further. Looking at zone A8

(in Figure 2.33) of previously sited Figure 2.26, it is possible to ob-

serve c learly defined striations spaced about 5 x i0~~ to 1 x 1O~~ inch
(.12 to .25 pm). This compares reasonably well with the macroscopic
crack-grow th rates seen at crack lengths of about 0.09 inch (2.2 non)

in spec imens tes ted at a stress ra nge of 18 ks i (124 MN/ rn2).

50

- - ~~~~~~~~~~~~

— — - - -- -- — - ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ V 1 ~~~~~~ -- V V -- ~~~~~ 
V



NADC—77250-1O

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
V

-
V V

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

S•
~~~~

•
~~

’ 

\6

A9

FIGURE 2.26. SPECIMEN NO. 33 VIEWED AT 17 DIAMETERS
W ITH THE SEM , LEFT SIDE OF HOLE

-V.

‘ V 

~~~~~~ 
A4

~

‘V V 

A3

‘ I

- A2 -
~~

Al A9 ~

FIGURE 2.27. SPECIMEN NO. 33 VIEWED AT 100 DIAM~rERS
WITH THE SEN , CRACK INIT IAT I ON ZON E

SI

- —~~ V — — V ~~~~~~~~~ 
- - - 

~~
—- - - -

~ 
—-

~~~~~~~~~~~~~~~~~~ 
-- V - - - -- V _ _ ~ V -



~
-- - -

~
--

NADC-77250-30

.4

-
‘

- V ..

A2

-V.,-

V - A9%. -V
. -.-—--V ~~~ 

VV-
V

S

Al

FIGURE 2.28. SPECIMEN NO. 33 ViEWED AT 500 DIAMETERS
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FIGURE 2.29. SPECIMEN NO. 33 VIEWED AT 3000
DIAMETERS WITH THE SEM , CRACK
INITIATION ZONE
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FIGURE 2.30. SPECIMEN NO. 24 VIEWED AT 4100 DIAMETERS
WITH ThE SEM , LEFT SIDE OF HOLE IN CRACK
INITIATION ZONE
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FIGURE 2.31. SPECIMEl4 NO. 16 VIEWED AT 500 DIAMETERS
W ITH ThE SEll, RIGHT SIDE OF HOLE IN
CRACK INITIAT ION ZONE
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INITIATION ZONE
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FIGURE 2.33. SPECIMEN NO. 33 VIEWED IN A REA A— 8
AT 10,100 DIAMET ERS WITH THE SEll
SH(MING STRIATION FORMATION AND
INTERIIETALLIC PARTICLES

FIGURE 2.34. SPECIMEN NO. 33 VIEWED IN AREA A-7
AT 5200 DIAMET E RS WITH THE SEll
SHOWING STRIATION FORMATION AND
INTERMETALLIC PARTICLES
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Small interme tallica (about 1.2 x l0~ inch (.31 pm)) are evident both in

the surface and removed from ft but they do not modify the overall stria-
tion patterns. An examination of zone £6 (Figure 2.34) of previously sited 

-

Figure 2.26 also reveals substantial striation formation along the edge of

the hole (white area in law*r right corner) and small intermetallics

evident in the surface do not alter growth patterns here either.
A number of other SEN photographs were made, but mos t reflect the

same basic conclusions regarding the effects of intermetallics on crack
initiation and propagation.

Obviously, a fundamental metallurgical correlation between an ElF

and intermetallic particle or clus ter size *nd density looks questionab le

based on thi, study ’s resul ts. An empirical correlation may still be of

some practical significance, however, in estimating damage tolerance .
The meaning of an empirical ElF in relation to the results of this study
are discussed in the following section.

3. THE E(~JIVA LENT INITIAL FLAW

Calculated Initial Flaws for Fatigue Specimens

Equivalent initial flaws (El?) for the fatigue specimens were calcu-

lated using the procedure illustrated in Figure 3.1. The test results
are schematically shown in Figure 3.1(a), where the solid lines represent
the measured crack-growth data and the dashed lines the extrapolation to
the beginning of the life . Th. intercept with the ordina te (N — 0) then

gives the equiva lent initial flaw size. Since this procedure would not

show how much variation in crack growth occurred, a separate crack—growth

calculation for each specimen might be needed . Therefore , it has advan-

tage to use the plot of Figure 3.1(b) where the ende of all crack-growth

curves are taken togethe r and the number of cycle, is plotted reversely,
i.e., as the number of cycles before fracture . If the neasured crack-

growth curves show little scatter , a single extrapolation is sufficient .
Taking the observed tota l lives (N~ through N4 in Figure 3.1) then permits

determination of the variability 6 of the FIT. Obviously, it would be
more logical to reverse the plot as shown in Figure 3.1(c).
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As the crack-growth cta ve has an extremely small slope in the small
crack regime , the variability of the ElF would not be easy to determine .
Therefore, it is preferable to use a plot of log a versus log L Where
the curve is stretched out in the area of interest , so tha t a more
accurate determination of the FIT is possible , as shown in Figure 3.1(d).
This was the type of plot actually used for analysis of the data .

Figures 3.2 and 3.3 present the measured crack-growth data. The

end of life was taken to be an 0.5-inch (12.5 me) crack for the specimen.
tested at 15 ksi (103 MN/m2) and 0.15- inch (3.75 me) for the specimens

tested at 18 ksi (124 )~1/aa). The smaller final crack siz. was selected .
because the fina l crack size was rathe r variable at the highe r stress
level. By taking the f inal crack size the same for all spec imens tested
at a given stress leve l, more consistency in the results was obtained.
Naturally, the lives to failure were corrected to be the life till this

specified final crack size.

As cart be concluded from Figure 3.2 and 3.3. the scatter in the

crack-growth curves was very small , so that indeed a single curve for
back-extrapolation will suffice. Back-extrapolation was carried out by

integrating an exponential crack growth equation da/dN ~ C~K’~. Figures 3.2

and 3.3 present the values for n and C. Different values for C had to be

taken for the two stress levels to obtain a satisfactory data fit in the

small crack regime.
All cracks were considered to be corner cracks and the Bowie solution

for the stress intensity of through cracks was used

K 1.12 f(s)

The factor l.l2/~ accounts for the corner crack ; f(a/D) is the Bowie function .

It was shown by Grandt (7] that the Bovie function can be represented with

good accuracy by

f (s) — c, + a/D + C,

C1, C2 and C3 are numerical constants, but they have different values for
the asymeetric case with one crack and the symeetric case with two cracks
(one at each side of the hole):
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C1 — 0.4367 for one crack, C1 — 0.3433 for two cracks

C2 — 0.1623 “ “ “ , C2 — 0.1386 “ “ “
C., — 0.6762 “ ~ “ , C3 — 0.9439 “ “ “

The above values were used in the crack growth calculations.
The crack-growth equation was adjusted to give the best fit to the

measured test data over (1) the entire range and (2) in the regime of
small cracks. The calculated curves show that these two criteria could

not be completely satisfied simulataneously, however , a reasonable fi t
was obtained .

The numbered arrows indica te the total lives of the specimens (by

specimen number). A vertical section through the curves then provides
the equiva lent initial flaw. As can be seen from the figures , the ElF
varied from 0.0005-inch to 0.0036-inch (12 to 90 tin). The individual

resul ts are compiled in Table 3.1.
It turns out that the variability of ElF is greater for the lower

stress level. This is in accorda nce with the larger sca tter in fa tigue
life (usually) observed at lower stress amplitudes . This by itself
seems to indicate that the scatter in fatigue life in general cannot be

explained on the basis of variable initial defect size, since specimens
will have the same initial defect distribution whether tested at high

stress or low stress.

The FIT tends to be substantially larger than the intermetallic

par ticle parame ters , but the difference is less than an order of magni-
tude. In recent work on the evaluation of hole quality [8], the ElF

size was found to be of the order of 0.0005 to 0.005 inch, results very

similar to those reported here.

Statistical Analysis of ElF

Table 3.1 presents the calculated equivalent initial flaws for all
of the specimens , along with the respective fatigue lives. Considerable

variation is evident in the computed ElF values, ranging over nearly an
order of magnitude. The statistical significance of this variation can

best be seen if the ElF values are ranked according to their logarithmic

magnitude and plotted on probability paper as in Figure 3.4. Even though
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TABLE 3.1. CALCULATED EQUIVALENT INITIAL FLAWS

Maximum Percent ,
Stress, Specimen Life ElF Area of

ksi (P11/a3) Number X 10’ Microns Inches Intermetallics

15.0 (103) 28 81.7 90 0.0036 3.0

2 103.4 63 0.0025 0.4

24 104.6 61 0.0024 3.0

20 131.2 48 0.0019 0.8

9 144.0 43 0.0017 1.8

47 158.0 35 0.0014 3.4

19 186.2 28 0.0011 1.0

35 278.0 20 0.0008 2.0

27 341.0 18 0.0007 1.9
48 462.8 15 0.0006 0.6

18.0 (124) 18 50.0 45 0.0018 2.0

16 52.1 40 0.0016 1.8

32 59.3 35 0.0014 0.8

43 58.0 33 0.0013 2.2

11 61.9 33 0.0013 0.6

10 62.5 33 0.0013 1.0

33 66.6 33 0.0013 1.2

36 105.1 23 0.0009 2.4

5 269.9 13 0.0005 2.4
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the data were generated at two different stress levels, the computed ElF
values can be combined to provide a nearly logarithmic-linear relationship
between cumulative percentage occurrence and ElF. This linear variation in
ElF allows reasonable short-range extrapolation to high ElF values cor-
responding to early failures in large sample sizes. If this is done, an
FIT of about 0.0043 inch (110 ~.tin) is found for a projected 1 in 100 failure
occurrence.

No individual particles were observed as large as 0.0043 inch (110
g.m). There were no clusters of this s ize identified either, although some
stringers of this length were observed (as in Figures 2.22 and 2.23).

None of these intermetallic partic le parameters correlate directly with

observed fatigue lives and computed ElF values.

The Significance of the Calculated ElF

Even if the ElF has no real physical meaning, the concept could still

be of use as a mathematical convenience. It would mean that fatigue life

to frac ture could be calculated, by means of a crack-growth computation

only, and the result would include the fatigue life to initiation as well

as the crack-propagation phase. If the same procedures are followed in
both directions (i.e., determination of the ElF from the fatigue life and

calculation of fatigue life from ElF using the same mathematical model)

the fatigue calculations should be reliable. The remaining question would

then be whether the concept is general enough for use in all materials and

in all situations.

The mathematical convenience of the concep t should be cons idered of
secondary importance, however. The more important criterion is whether

the concept would provide more accurate life predictions than the conven-

tional fatigue analysis. This, however, is doubtful. In this respect,

consider the plot of the stress intensity as a function of crack size for

a center crack and a crack at a hole as in Figure 3.5. The stress

intensity for a center crack rises at a moderate rate as a function of

crack size. Thus, the crack-growth calculation for a center crack is not

very sensitive to the integration procedure nor to slight inaccuracies in

K. Nevertheless, crack growth calculations have a rather limited accuracy.

_ - 
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In comp arison , the K-curve for a crack at a hole rises extremely sharply in
the regime of small crack,. As a result , the calculation will be extremely
sensitive to the integration proced ure and to errors in K. Since the ElF

is very small, this will be of particular significance so that the accuracy

of predictions will be low. Also, the function f(a/D) in the Bowie equation
shows that calculations for small cracks at larger holes will be more sensi-
tive to the integration procedure. This seriously affects the generality of
the concept.

The ElF is of the order of 0.0001-inch. This means that for the
present specimens the stress intensity was of the order of 1 kst/in. It

is at least doubtful whether da/dN can be extrapolated to such low AK-

values . There are virtu ally no data in support of this . These low AK
values suggest da/dN values of the order of the atomic distance or less,

and there is enough evidence that at these rates the da/dN - AK behavior
is quite different from that at higher rates. For large cracks at low

AX a threshold is usually found below which no crack growth occurs. This

threshold is usually substantially higher than the I ksifin. mentioned

above. However, evidence is accumulating that very small cracks subjected
to the threshold AK do show rapid growth.

In short, the problem of the growth of very small cracks and the

prob lem of crack growth a t low AX have hardly been investigated and ,

therefore, a generalization of the ElF concept is extremely doubtful, the

more so because it is still lacking a physical basis. With very little

manipulation of crack growth data widely different predictions can be

obtained by using the same ElF. Until the behavior of small cracks at

low AK has been studied more extensively, there is no acceptable rationale
to treat the problem . _ —

V -~ 
- - 4. CONCLUSIONS

Based on the results of this research program, two major conclusions

have been made as follows:
• There is not an apparent physical link between an BIT and

int.rm.tallic particle statistics .
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• Definition of an empirical ElF is possible based upon a
ranking of crack initiation data . Values around 0.004 to
0.005 inch (100 to 125 ~m) appear to relate to a 99 percent

— 

survival level for the specimen tested. Computed ELF

values for actual experimental results ranged from 0.0005

to 0.0036 inch (13 to 90 tin).
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